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Abstract

This project examines stem-loops as a means to identify structural RNA genes along genomic
sequences. To undertake this task, an algorithm was developed to scan genomic sequences for
stem-loops similar to those typically found in ribosomal RNA. Each stem-loop is quantified
with metrics which measure length and spacing attributes. With the help of annotated
genomes, we are able to calculate the mean metric values in the various domains which
make up the genome. This includes coding sequences, non-coding DNA, ribosomal RNAs,
and transfer RNAs. Subsequently, these values are evaluated for their ability to distinguish
structural RNAs from their genomic counterparts. Our results indicate that some stem-loop
metrics are capable of identifying ribosomal RNA genes in genomes across a wide range of

G+C content levels. These results merit further study into this novel approach.
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Chapter 1

Introduction

The number of genomes available on public databases has exploded in recent years [3, 4].
These genomes hold the blueprint for a diversity of gene products. There are a number
of software programs currently available to locate or find protein-encoding genes within
these genomes [29, 47]. Yet, an effective and efficient software application to locate novel
structural RNA genes has been elusive.

This research document introduces and examines an innovative approach for locating
RNA genes along a genomic sequence. In the most basic terms, it explores whether a
specific type of structural pattern, which is universally found in structural RNA genes, can
be exploited to define regions along a sequence where they occur. This pattern or structure
is known as a stem-loop.

This document is divided into 8 chapters. Chapter 1 introduces terms and concepts used
to describe RNA structures. This helps to shed light on the reasons why an effective RNA
gene-finder has been evasive. Chapter 2 surveys recent efforts by researchers to develop an
RNA gene-finding algorithm. In this context, stem-loops are introduced as a novel approach
to help develop a more effective and efficient RNA gene-finder. Chapter 3 describes in de-
tail the algorithm developed to identify the stem-loop structures along genomic sequences.
Subsequently, Chapter 4 describes how stem-loop features are quantified into metrics which
can be used for statistical analysis and inference. Chapter 5 examines the differences in
the average stem-loop metric values between structural RNAs and their genomic counter-
parts - protein encoding sequences (CDS) and non-coding DNA (NC). Chapter 6 examines
stem-loops metrics for their ability to identify structural RNAs along a genomic sequence.

Chapter 7 outlines areas where future efforts should be directed. Lastly, Chapter 8 concludes



CHAPTER 1. INTRODUCTION 2

with a summary of the project and its accomplishments.

1.1 RNA Sequences

Ribonucleic Acid (RNA) and Deoxyribonucleic Acid (DNA) share many similarities [1].
Both are comprised of a sequence of nucleotides!. RNA and DNA sequences have a direc-
tionality whereby the start is referred to as the 5’ terminus and the end is the 3’ terminus.
The values 5’ and 3’ refer to carbon atoms on the pentose sugar molecule which helps to
link the bases together. The pentose sugar is one element which distinguishes RNA from
DNA. In RNA, the pentose sugar is a ribose; in DNA, the pentose sugar is a deoxyribose.
The bases found in DNA include: adenine {A), cytosine (C), guanine (G), and thymine
(T). In contrast, the bases found in RNA include: adenine (A), cytosine (C), guanine (G),
and uracil (U). In both DNA and RNA, it is the base in each nucleotide which captures
all the attention since they are responsible for the patterns or behaviours geneticists aim to
decipher and explain.

The vast majority of RNA sequences?

are generated by a process known as transcription.
In transcription, DNA acts as the template for creating a complementary RNA sequence.
The Central Dogma of Biology published in the 1950’s suggests that DNA is transcribed
into messenger RNA (mRNA) which is subsequently translated into proteins. Under this
model, RNA simply acts as a “messenger” helping to direct the production of proteins.
Proteins, it seemed, acted alone as the biological machinery responsible for catalyzing cel-
lular activity. However, since the Central Dogma of Biology was published a tremendous
number of discoveries have been made. Importantly, researchers have identified many genes
whose RNA transcript is not translated into protein. Instead, these RNA molecules act
as biological machinery responsible for undertaking catalytic or biological functions. These
gene products are commonly referred to as noncoding RNAs (ncRNA) or functional RNAs.

This research project focuses on structural RNAs which are best described as a subclass
of functional RNAs. RNA genes products have different means of achieving their objectives.

Structural RNAs, for instance, exploit a specific 3-dimensional structure to accomplish

!The term nucleotide encompasses 3 elements - a pentose sugar, a phosphate, and a nitrogen base.

2There are a small number of retroviruses whose genome is comprised of RNA rather than DNA. One
well known example includes the HIV virus which is responsible for AIDS. This project does not study RNA
genomes.
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a specific task. In contrast, small functional RNAs, such as microRNAs (miRNA), take

advantage of a specific primary sequence to accomplish a given objective.

1.2 A Glimpse into the RNA World

Properties unique to the RNA molecule allow them to form biological machinery with ex-
clusive capabilities [13, 15, 60]. They form base pairs and thereby fold into shapes that
allow them to execute specialized catalytic processes. They mimic the structure of nucleic
acids to block translation. RNA gene products also interact with proteins to form complex
structures.

There are several examples of structural RNAs which are involved in numerous forms
of gene expression control, protein-binding, and associated activities. E. coli 6S ribosomal
RNA (rRNA) and human 7SK small nuclear RNA (snRNA) make-up part of the RNA-
protein complexes responsible for sequence signal recognition which initiate and regulate
transcription [22, 30]. U2 snRNA forms the core of the spliceosome [18]. The Xist and
Air genes [7, 56] are 16,500 and 100,000 nucleotides long, respectively. Xist is involved in
X-chromosome inactivation. Air is involved in autosomal gene imprinting. Both of these
phenomena are a means of controlling gene expression but currently their mechanisms are
poorly understood. The H19 gene is roughly 1700 nucleotides long; it is expressed in a few
specific tissues [6, 42]. However, its function is not well defined either. Telomerase has a core
which is comprised of RNA; this RNA core acts as the telomere template which interacts with
DNA sequences [37, 50]. The architecture and mechanism underlying RNA gene products
is a testimony to their ability to form complex biological machinery. The diversity in these
selected examples suggests a wave of unknown structural RNA gene products may await
discovery.

It is important to distinguish structural RNAs from miRNA whose functionality is se-
quence specific rather than structure specific [32]. Recent findings suggest that miRNA
transcripts measuring roughly 21-25 nucleotides play a role in developmental timing and
tissue specification [31, 33, 35, 51]. Thus far, there are 2 types of miRNA: small temporal
RNA (stRNA) and small interfering RNA (siRNA). stRNAs control developmental tim-
ing by mediating sequence-specific repression of mRNA translation [31]. siRNAs mediate
sequence-specific mRNA degradation in RNA interference. “stRNAs control developmen-

tal timing by mediating sequence-specific repression of mRNA translation” [31]. stRNAs
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and siRNAs are transcribed with flanking regions that create a folded-back or stem-loop
structure. The working RNA molecule - approximately 22 nucleotides long - is cut from the
double-stranded stem structure by a protein named Dicer [5]. miRNAs have been found to
occur in clusters and individually along genomic sequences.

The number of functional RNA genes discoveries is escalating rapidly and as a result the
number of researchers interested in studying them is also growing. Several functional RNA
genes identified early on were stumbled upon unexpectedly. Now researchers are designing
experiments specifically to find functional RNA genes [31, 33, 35]. Quests for miRNAs
involve isolating and cloning small RNA transcripts from cellular lysate and substantiating
their existence with expressed sequence tag (EST) methods. Other experiments rely on
the unusually small size of small nucleolar RNAs [24]. Isolating larger structural RNA
transcripts requires alternate means since their size does not readily distinguish them from
the vast pool of RNA transcripts populating the cellular lysate.

Computer technology, online databases, and numerous genomic sequences have made
gene recognition algorithms a feasible means for gene discovery. Decades of scientific exper-
imentation have deciphered characteristic sequence signals (i.e. consensus sequences) found
in protein-encoding genes [16, 41, 58]. These characteristics can be exploited by gene-finding
algorithms to identify protein-encoding genes along a genomic sequence. By comparison,
the characteristics of structural RNA genes have been sparsely defined [49]. The scarcity of
experimental data on structural RNA gene structure is partially due to the fact that they
tend to conserve secondary structure over primary sequences [59]. This scarcity is also a
consequence of their relatively recent and unexpected emergence as functional gene products
and the difficulty in applying Crystallography and NMR to RNA molecules [2, 21, 36]. A
review of Crystallographic and NMR methods is available in Séll et al. [57].

1.3 RNA Secondary Structures

The bases of an RNA molecule have the ability to form Hydrogen bonds with their com-
plementary counterparts. This akin to the property which allows 2 complementary DNA
strands to form a double stranded helix. With respect to a single strand of RNA, this means
that RNA has an inherent ability to fold upon itself to form base pairs and thereby create
a stable RNA structure [61].

Typically, RNA structures are described in terms of 2 dimensions. Biologists refer to
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Figure 1.1: The Stem-loop is comprised of 2 components - a hairpin loop and a stem or
helix of adjacent base pairs.

2-dimensional structures as secondary structures. Some RNA secondary structures such as
ribosomal RNA (rRNA) appear rather complex. Yet these complex structures are simply
a culmination of numerous substructures all of which are founded on complementary base
pairs. Importantly, there are a number of recurrent patterns seen in these smaller compo-
nents or substructures. This document focuses on a recurrent elementary RNA secondary
structure known as the stem-loop. Stem-loops are universally found in RNA secondary

structures.

1.4 The Stem-loop

A stem-loop arises when an RNA sequence folds back on itself (Figure 1.1). The stem-loop
can be broken into two components which include a hairpin loop and a stem of base pairs
(i.e. a helix) which closes or stabilizes the hairpin loop. The stem-loop is unique in that the
base pairs which comprise its helix are only separated by a hairpin loop. When the adjacent
base pairs in the stem are interrupted by one or more unpaired bases, the ensuing “bump”
is known as a bulge (Figure 1.2) [40]. Similarly, an internal loop forms when mismatched

bases are positioned opposite one another in the stem (Figure 1.3) [25, 44, 54].

1.4.1 Stem-loops as Logical Expressions

A more rigorous definition of stem-loops can be formulated with the use of logical expres-
sions. Suppose an RNA sequence consists of n nucleotides. An indexed sequence can be

denoted from 5’ to 3’ as (0,1,2,3,e,%,k,p,t,n) where, 0 <e<i<k<p<t<n.
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Figure 1.2: A bulge occurs in a stem when it is interrupted an unpaired nucleotide.
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Figure 1.3: An internal loop is characterized by two or more mismatched nucleotides residing
in a helix. This figures depicts examples of symmetric and asymmetric internal loops.
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Figure 1.4: Annotated stem-loops. (A) The (i,p) base pair lies nearest the hairpin loop.
The (e,t) base pair marks the outer boundary of the stem-loop. (B) A pseudoknot cannot
be entirely comprised of nucleotides which lie between the (i,p) and (e,t) base pairs. See
text for a detailed description.

Consider a stem-loop where the base pair at the end of the stem nearest the hairpin
loop includes nucleotides 7 and p; this base pair is denoted as (7, p) (Figure 1.4 A). The base
pair, (e, t), is furthest from the hairpin loop; it forms the outer boundary of the stem-loop
structure. The unpaired nucleotides in the hairpin loop are denoted k; hence, Vk i < k < p.

For any stem-loop, the nucleotides which lie between e and ¢ cannot base pair with one
another nor can the nucleotides between p and ¢ pair with one another (Figure 1.4 A).
This rule can be expressed as follows. Suppose a stem-loop is comprised of the following
nucleotide sequence: (e, g, h,%,p,q,7,t). If the hairpin is defined by (¢, p) and the stem-loop
is bound by (e, t) then VgVh —(g,h) A VYg¥r —(q,r).

Lastly, a pseudoknot® cannot be comprised entirely of nucleotides between base pairs
(i,p) and (e,t). Suppose a stem-loop is comprised of the following nucleotide sequence:
(e, fy9,h,i,p,q,7,8,t). If (e,t) A(g,7) A (i,p): then VfVq —(f,q) AVhVs —(h,s). See
Figure 1.4 B.

3When RNA molecules fold, the stems/helices which stabilize these structures generate loops. Pseu-
doknots arise when nucleotides within a loop base pair with nucleotides outside of this loop. Consider a
sequence where: h < i < j < k <. Suppose (i,k) form a base pair. Nucleotide j now lies within a “loop”.
A pseudoknot arises when either (h, 7) or (7,1) form a base pair.
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Figure 1.5: The upstream and downstream segments in this stem-loop are labeled. An
algorithm generates a list of all the possible upstream segments for a stem-loop with a
specific number of base pairs (e.g. 4). Each entry in this list has one or more corresponding
downstream segments - i.e. those which are complementary to it. The probabilities of the
nucleotides and thereby the probabilities of the upstream and downstream segments can
then be used to calculate stem-loop probabilities.

1.4.2 Stem-loop Probabilities

This section discusses stem-loop probabilities and how they are affected by changes to base
composition. The probability of a stem-loop is denoted: P(stem-loop). The probability for
each of the possible nucleotides in RNA is denoted: P(A), P(C), P(G), P(U)

The most common base pairs found in RNA secondary structures are AU and GC. Less
common is the GU base pair. Suppose GU base pairs are not observed. This simplifies the
task of calculating of P(stem-loop) since each base has only one complementary partner.
Introducing GU base pairs complicates P(stem-loop) calculations since some nucleotides
now have more than complementary counterpart.

An algorithm was devised to calculate P(stem-loop) where GU base pairs are permitted.
This algorithm calculates the probabilities of stem-loops which do not have bulges or internal
loops. To accomplish this, the algorithm starts by assembling a list of all the possible
upstream segments of a specific size (Figure 1.5). If the number of adjacent base pairs in
the stem is 4, there will be 4%, 256, possible upstream entries in the list. Similarly, if the
stem is comprised of 5 adjacent base pairs there will be 4% or 1024 upstream segment entries
listed. If the upstream segment is comprised of 4 nucleotides and the GU base pair was not
permitted, there could only be 256 corresponding downstream segments. Importantly, since
GU base pairs are permitted, many of the 256 upstream entries will have more than one

complementary downstream entry or segment. For instance, upstream segment AAGG can
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pair with 4 different downstream segments: UUCC, UUCU, UUUC, UUUU. To calculate
the probability of finding any stem-loop with 4 adjacent base pairs one needs to add the
probabilities for every possible combination - i.e. all the entries in the list. There are
certainly more efficient methods to perform these calculations, however, this method suffices
for our purposes.

Here is an example of how the probability that a given upstream segment forms a stem-

loop is calculated:

Assume... P(A)= P(C)=P(G)=P(U) =025
P(stemloop) = Z[P(upstreamsegment) x P(downstreamsegment))
P(stemloop) = [(P(AAGG) x P(UUCC)) + (P(AAGG) x P(UUCU)) +
(P(AAGG) x P(UUUC)) + (P(AAGG) x P(UUUD))|
P(stemloop) = P(AAGG) [P(UUCC) +P(UUCU) + P(UUUC) + P(UUUU)|
P(stemloop) = (0.25")[0.25% +0.25% +0.25% + 0.25"
P(stemloop) = (0.254)[(4)(0.254)]
P(stemloop) = 6.10x 1075

In these simplified calculations the number of nucleotides which reside in the hairpin
loop is not considered. We will see shortly how this assumption is not detrimental to our
P(stem-loop) calculations.

This algorithm can be run with various nucleotide compositions. However, to maintain a
palatable 2-dimensional probability landscape the base compositions where restricted such
that P(G) = P(C) and P(A) = P(U). The probability distribution calculated for stem-
loops with 4 base pairs over a range of G+C content levels is depicted in Figure 1.6. The
lowest probability occurs where P(G + C') = 0.50. The highest probability occurs when
P(A+U)=100r P(G+C)=1.0.

The shape of the probability distribution function shown in Figure 1.6 may be a bit
perplexing at first glance. The next 2 figures are helpful. For a given nucleotide sequence,
the probability of finding a GC base-pair increases with increasing G+C content (Figure 1.7).
Similarly, the probability of finding an AU base pair increases with increasing A+U content
(Figure 1.8). Take note of the inverted x-axis between Figures 1.7 and 1.8.
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Figure 1.6: Probability of a tetra-loop versus G+C content. The corresponding data is
presented in Appendix A.2.

where P(G) = P{C)
0.25-
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Figure 1.7: Probability of a GC base pair versus G+C content.



CHAPTER 1. INTRODUCTION 11

e

A

[
i

where P(A) = P(U)

Prob of AU base pair

1.0 | 1]
P{A} + P{U}

Figure 1.8: Probability of an AU base pair versus A+U content.

| Stem Length | P(tetra-loop) |

>4 0.01978

>5 0.007416
>6 0.002781
>7 0.001043
>8 0.0003917
>9 0.0001459

Table 1.1: Probabilities of Tetra-loops with various stem lengths where: P(A) = P(C) =
P(G)=P(U)=0.25

In retrospect, Figure 1.6 is simply a combination of Figures 1.7 and 1.8. The advent of
GU base pairs does not change the shape of the probability distribution. Instead, it raises
the probabilities uniformly.

Another experiment was performed using the aforementioned algorithm to study the
effect of stem-loop length on probabilities. First, a fixed G+C content level was selected
(P(A) = P(C) = P(G) = P(U) = 0.25). The algorithm was repeatedly executed changing
only the minimum number of base pairs. The results are presented in Table 1.1. They show
that the probability of finding longer stem-loops (i.e. those with more base pairs) is less
than the probability of finding shorter stem-loops.

Given P(stem-loop) and sequence length (n) one can calculate the expected number of
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stem-loops over a given input sequence:
E(stem — loop) = [P(stem - loop) x (n — 11)]
For long sequences...
E(stem — loop) = P(stem — loop) X n

Each tetra-loop requires at total of 12 nucleotides. Consequently, as one encroaches
the downstream terminus there will be 11 consecutive occasions where a tetra-loop could
not possibly occur. Hence, the length value must be reduced by 11. For example, in a
100,000 nucleotide sequence with the above composition the expected number of tetra-loops:
E(X)=1,978

These simplified probability landscapes have avoided many complex calculations. Nonethe-
less, these results demonstrate that stem-loops probabilities are affected by base compo-
sition. Regions with very high or very low G+C content levels tend to have the most
stem-loops. Likewise, regions with very high or very low G+C content tend to have longer
stem-loops.

Naturally occurring stem-loops favour a higher G+C content since GC base pairs, which
are stabilized by 3 Hydrogen bonds, are more stable than AU base pairs which, in contrast,
are stabilized by 2 Hydrogen bonds. Later, the stem-loop search algorithm is described.
This algorithm uses search parameters to place constraints on the minimum number of
GC base pairs in a stem-loop. This helps to identify stem-loops more in line with what is

typically observed in RNA secondary structures.

1.5 RNA Genes Conserve Structure Before Sequence

Like proteins, RNA genes conserve functionality by preserving structure. However unlike
proteins, structural RNA genes are not relegated to conserving their primary sequence (ie.
the order of their nucleotides) to preserve structure or functionality [49]. Rather, secondary
structures can be conserved when interactions between nucleotides in the RNA transcript
are preserved. For instance, assume nucleotides in positions 14 to 20 form base pairs with

nucleotides 46 to 40 in a given species; these base pairs could be denoted:

((14,46), (15,45), (16, 44), (17, 43), (18, 42), (19, 41), (20, 40))



CHAPTER 1. INTRODUCTION 13

If the helix formed by these adjacent base pairs is vital to a given RNA structure, we
would expect to see nucleotides in these relative positions maintain their complementarity
in the same RNA gene found in other highly evolved species. This tendency to preserve
structure over primary sequence is described as co-evolution or co-variance [14, 65]. The
result, however, is that structural RNA genes are not well-defined by strongly conserved
primary sequences. This is why pursuing structural RNA genes computationally is unlike
pursuing protein-encoding genes.

Evidently, there are inherent limitations to describing RNA genes and their structures
by simply relying on primary sequences. Therefore, researchers have pursued alternate
descriptors. One method used by scientists to quantitatively study, analyze, and describe

RNA structures relies on the application of thermodynamic models.

1.6 Thermodynamic Models

The stability of RNA secondary structures can be measured using Gibbs Free Energy which
is denoted AG.

“Gibbs Free Energy (AG) is a thermodynamic property analogous to po-
tential energy. Free Energy is defined so that its change, AG, is the negative
of the maximum useful work that can be obtained from a reaction at constant

temperature and pressure [46].”

A number of thermodynamic models are available to quantify stability in RNA secondary
structures [39, 52, 55, 67, 70]. For a given sequence, the most stable RNA structure is the
one with the most negative AG value. The thermodynamic models for RNA secondary
structures assume the sum of the parts equates to the overall AG [20, 27, 28]. Consequently,
the AG of the structural subunits (i.e. helices) contributes additively to the overall AG of
a complex secondary structure. Generally speaking, the most stable structure is one which
uses the optimal combination of substructures.

Interestingly, the lowest AG structure is not always the one which is observed in nature.
This, however, does not imply that nature favors suboptimal structures. The thermody-
namic models generally restrict themselves to secondary (i.e. 2-dimensional) interactions.
They do not include tertiary interactions (3-dimensional) or quaternary interactions (be-

tween opposing RNA molecules). Therefore, the appearance of “suboptimal” secondary
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structures in nature could be related to the incomplete state of the thermodynamic models
instead of a natural propensity to favour truly suboptimal structures.

Numerous RNA folding algorithms are available to calculate the lowest AG structure(s)
for a given RNA sequence [11, 19, 38, 43, 48, 62, 69, 68]. These types of applications are
commonly used to predict the secondary structure taken-on by a given RNA transcript.

In the next chapter we will see how, researchers have attempted to use AG values to
identify structural RNA genes along a given genome. The line of reasoning is that genomic
segments which code for RNA genes will be marked by particularly low AG values since
they have evolved to form stable structures. Concurrently, their genomic counterparts are
not under the same evolutionary pressures and may therefore have relatively higher AG
values. If correct, a markedly low AG value could thereby act as a statistical signal to

identify where RNA genes are located.

1.7 Chapter Review

This chapter introduced RNA molecules. Properties unique to structural RNA genes have
been exploited by nature to create a diversity of RNA gene products with highly specialized
capabilities. Structural RNA genes preserve structure by maintaining base pair interactions.
Proteins, in contrast, conserve primary sequence in an effort to conserve structure and
function. As a result, the task of developing a structural RNA gene-finder is unlike that of
developing a protein encoding gene-finder.

The next chapter starts with a survey of previous attempts to develop a computational
RNA gene-finder. Thereafter, stem-loops are introduced as a possible means to identify

where structural RNA genes reside along a given genomic sequence.



Chapter 2
Background

This chapter describes the work done by a number of research groups to develop a compu-
tational RNA gene-finder. These approaches follow a similar pattern in that an algorithm
divides a genomic sequence into segments and then measures their AG values (Figure 2.1).
After presenting this research, stem-loops are proposed as a means to help identify structural
RNA genes.

2.1 A Brief History of Structural RN A Gene-finders

Le et al. and Chen et al. (who incidentally make-up the same group of researchers) published
two papers describing how they had used their Z score formula (i.e. Normal Distribution)

to assess the significance of RNA transcripts [9, 34]. See Equation 2.1.

_ AGsubject — AGrandom

Srandom

Z

(2.1)

For a sequence window of fixed length AGypject is the minimum Free Energy is calculated
with the use of an RNA folding algorithm. AG,qndom is the mean minimum Free Energy
for a given population of random sequences with the same length and the same nucleotide
COmMPpOSition. Syqndom is the standard deviation of AGrendom. To calculate the AG,andom
and Srgndom fOr a nucleotide sequence of the same length and composition as the sequence
window. The sequence window was randomly shuffled repeatedly. Each time the AG andom
of this random sequence was calculated using an RNA folding algorithm. Over N random

sequences, a mean AGrandom a0d Srandom Were calculated.

15
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Genomic Sequence divided into windows

5 3

Figure 2.1: Genomic sequence partitioned into windows.

This algorithm has a computational complexity of O(n?) where n is the sequence length [9].
The authors report promising results using sample sizes, N, ranging from 120 to 2000 and
windows (or segments) 30 to 100 nucleotides long. Scanning for structural RNA tran-
scripts involves repeatedly calculating the AG for various window sizes and moving along
the sequence one base at a time. Monte Carlo simulations are used to assess the statisti-
cal significance of the Z scores to identify potentially significant regions and to estimate
their optimal (i.e. most probable) size. For this task, the mFOLD dynamic programming
algorithm was vectorized to run on the Cray X-MP 24 supercomputer.

The reported findings suggest this approach successfully delineates the statistically sig-
nificant candidate structural RNA transcripts from a pool of random sequences with the
same length and base composition. This lends support to the notion that a successful
structural RNA gene-finder can be constructed by relying on AG values.

In a subsequent article, Chen et al. revealed that when their initial method {described
above) is carried-out on a supercomputer it is impractical using a window size > 200 nu-
cleotides on an RNA sequence > 1000 nucleotides long [9]. To reduce the computational
demands of the algorithm, Chen et al. developed a complex formula to estimate mean
AGrandom for a nucleotide window equal in size and base composition to the subject se-
quence. Another formula calculates the optimal window size for the sequence at hand.
Whereas the previous method required 150 hours to assess an 800 nucleotide segment,
this updated version requires less than 70 seconds while retaining its ability to recognize

structured RNA transcripts. While the performance has reportedly improved, the updated
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version fails to address the O(n?®) computational complexity brought about by the RNA
folding algorithm used for the AG gpjet calculation.

A research article by Rivas and Eddy disputes the findings published by Le et al. and
Chen et al [9, 34, 49]. It suggests the sequences chosen for analysis misrepresent the ability
of the aforementioned AG based gene-finder. Rivas and Eddy initially set out to implement
a structural RNA gene-finder based on a probabilistic model. Yet, their quest led them to
implement two additional models. The following paragraphs explain why.

Unlike the previous group, Rivas and Eddy developed an algorithm to scan sequences
using a Stochastic (probabilistic) Context-Free Grammar (SCFG) for RNA transcripts with
significant RNA secondary structure. The SCFG model was implemented with a training set
consisting of tRNA and rRNA genes to generate a structural RNA gene structure model.
They applied an expected log-odds scoring scheme which compares the likelihood that a
given sequence has been generated by the structural RNA model or a null model (i.e.
something that is not a structural RNA gene) [49)].

This SCFG algorithm was executed on a variety of species. They observed that as the
genomic A+T composition decreased (i.e. G+C content increased) the log-odds score (i.e.
the signal) for tRNA genes diminished. To further examine their suspicions, several species
were studied: M. jannaschii (30% G+C rich), C. elegans (34% G+C rich), S. cerevisiae
(39% G+C rich), and E. coli (50% G+C rich) [49]. Their observations confirmed that their
SCFG model was less effective in more G+C rich genomes. This led them to assemble a
base composition algorithm to examine how it compared to the SCFG model.

The base composition model simply searched for deviations from the expected base
composition in a given species. No structural features are considered in this approach. A
log-odds score is calculated for each scanned window. In theory, regions with high G+C
content are better candidates for structural RNA genes since GC base pairs are more stable
and thereby better suited than AT base pairs to stabilize RNA secondary structures. In-
terestingly, the base composition model returned the same hits as the SCFG model for the
same sequence.

Rivas and Eddy suspected their probabilistic model was not adequately recognizing se-
quence characteristics related to the secondary structures of structural RNA transcripts. To
explore this possibility, tRNA gene sequences were shuffled. If their probabilistic algorithm
indeed recognized characteristics in structural RNA secondary structures, the shuffled tRNA

genes would be overlooked. Surprisingly, the probabilistic model maintained its hits on the
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shuffled tRNA genes.

Subsequently, Rivas and Eddy [49] implemented a replica of the thermodynamic model
developed by Le et al. [34]. The objective was to compare the results returned by the AG
approach to the SCFG model by scanning the same sequences. They found that the Z score
had a slight bias towards structural RNA transcripts over their shuffled siblings. However,
like the SCFG and base composition models, the thermodynamic model also tended to
better identify structural RNA genes in A+T rich genomes. Rivas and Eddy suggest that
the AG values alone are inadequate for finding structural RNA genes.

In concluding, Rivas and Eddy suggest that real RNA secondary structures are not
“significantly distinguishable” from the predicted structures of random sequences by ther-
modynamic and statistical means. Hence, structural RNA gene-finding algorithms must
incorporate other factors for gene recognition. The next group to join the pursuit for a
structural RNA gene-finder seemingly subscribed to this philosophy.

Carter et al. developed a gene-finder, called RNAGENIE, which implemented a machine
learning approach known as a neural network [8]. The neural network was trained specifically
for each species being analyzed. The training set included both positive examples (i.e.
tRNA, rRNA, and structural RNA genes) and negative examples (i.e. non-coding regions).
The protocol divides the chromosome sequence into 80 nucleotide segments or windows with
consecutive windows overlapping by 40 nucleotides. The neural network had three input
parameters: base composition, sequence motifs (specifically tetra-loop! motifs), and AG.

Contrary to Rivas and Eddy, Carter et al. suggest that shuffled structural RNA genes do
not qualify as non-coding DNA [8, 49]. Non-coding DNA, they submit, has evolved to take
on a deliberate primary sequence. Hence, they constructed a training set of non-coding DNA
by removing all protein-coding and structural RNA-coding genes the bacterial genomes they
studied. They further removed 50 nucleotides flanking both the 5’ and 3’ ends of these genes
in hope of capturing all the pertinent control elements. The authors acknowledge that the
non-coding training set could be contaminated with unknown structural RNA genes.

Carter et al. report the average AG in structural RNAs and non-coding DNA regions for
several genomes. In structural RNA sequence windows, F.coli averaged —2.70+£0.52 é“oc:é
M jannaschii averaged —3.68 +0.72.keal n non-coding sequence windows, FE.coli averaged

80nt.
—2.06 £0.85 and M.jannaschii averaged —1.34 £0.66 £%%- . These findings suggest that

nt. 80nt. "

and

Ecal
80nt

1A tetra-loop is a hairpin loop comprised of 4 nucleotides.
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AG can help to distinguish structural RNA genes?. However, Carter et al. do not report
the AG averages for protein-encoding genes. This would have been interesting given the
vast majority (i.e. roughly > 90%) of bacterial genomes are comprised of protein-encoding
DNA. The report later suggests that the neural network relies more heavily on signals other
than AG to distinguish coding sequences from structural RNAs.

The performance of the RNAGENIE algorithm was evaluated using a correlation co-
efficient, Q% (“average of the percentage of correctly predicted positive and percentage of
correctly predicted negative windows”) [8]. This provided a means to study the effect of
modifications to the algorithm. The average Q% attained for various bacterial organisms
was generally in the high 80s to the low 90s. The hyperthermophilic archaeal bacteria ob-
tained the highest reported @Q%, 99.6%. This exceptional accuracy is related to the high
G+C content in structural RNA genes in these A+T-rich organisms. Importantly, @< only
measures the ability to identify known structural RNA genes and not novel structural RNA
genes.

Remarkably, RNAGENIE identified a number of structural RNA genes not included in
the training set. Publication and database searches revealed that some of these “novel”
structural RNA genes were previously identified in unrelated laboratory experiments. No-
tably, the vast majority of these novel genes were not completely recognized. Rather the
algorithm predicted 1 or 2 of the several windows spanned by these novel genes.

The results strongly suggest that RNAGENIE outperforms the previous structural RNA
gene-finders. The improvements can be accredited to several factors. The neural network
was carefully trained so that the AG parameter was able to better distinguish between
structural RNA segments and non-coding DNA. The inclusion of base composition and
motif sequence recognition were specifically shown to further improve performance. Also,
the diverse training set helped the neural network to distinguish the protein coding sequences
from the RNA genes.

Unfortunately, the computational complexity of this approach are not reported. The
performance hurdles presumably reside in 2 arenas - the BIOPROP neural network and the

Vienna RNA package used for AG calculations.

kcal
80nt*

2Carter et ol. report the AG results in units of
kecal/mol
80nt

It is presumed that this is an abbreviation for
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2.2 A Novel Stem-loop Centered Approach

Previous attempts to develop a structural RNA gene-finder have largely relied on RNA
folding algorithms to calculate the Free Energy (AG) of sequence segments or windows
along a given genomic sequence [8, 9, 34]. One risk in using this approach is that AG, under
the current thermodynamic models, typically decreases as the length of the folded segment
increases. This occurs regardless of whether the RNA segment folds into a functioning
secondary structure. The culprit is simply that longer nucleotides sequences present more
opportunities for base pairs to occur when the RNA molecule folds on itself. In addition,
the size of these segments has no biological relevance. Instead, the segment size is an input
parameter necessitated by and optimized for an RNA folding algorithm. The logic behind
this AG based approach dictates that regions along a given genomic sequence which code
for structural RNAs will foster statistically significant AG values which are indicative of
a given segments ability to form a remarkably stable RNA secondary structure. However,
there is little evidence in support of such an approach (8, 49]. Furthermore, little attention
has been paid to the extraneous factors and complications brought about by the anointed
segments sizes. Lastly, the O(n3) computation complexity of RNA folding algorithms is not
conducive to scanning large genomic sequences [68].

There should be convincing evidence to justify including new factors or characteristics
into an RNA gene-finder. Hence, our goal is to explore the added benefit stem-loop metrics
may provide in identifying structural RNA genes.

There are a number of factors which make stem-loops a suitable target or focal point.
Pairing rules and sequence directionality (5'—3’) obligate RNA sequences to form stem-
loops when they fold upon themselves. One can argue that stem-loops are to RNA structures
what a-helices and (-sheets are to proteins. Hence, it is speculated that genomic segments
which code for structural RNAs may have a higher density of stem-loops than their genomic
counterparts. It is further postulated that stem-loops found in regions which code for
structural RNA will tend to be longer than those found in their genomic counterparts.
Furthermore, searching for stem-loops along a given sequence can be regulated by a set of
parameters to favour stem-loops which are characteristically found in structural RNAs. This
element of control is lost when the sequence is partitioned into arbitrarily sized windows
to calculate the AG. Later, a description of how a set of search parameters is devised is

presented. Finally, searching for stem-loop structures along a sequence can be accomplished
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with O(n) time and space complexity where n is the length of the sequence. This will be

explained in more detail after the stem-loop search algorithm is presented.

2.3 Chapter Review

This chapter reviewed previous attempts to develop an RNA gene finder. These approaches
have tended to rely on AG. The results suggest that more capable sequence signals are
required to find structural RNA genes in genomic sequences.

Stem-loops have been proposed as a sequence signal. They make an attractive target
given that they are universally found in structural RNA gene products. In addition, it is
possible to search for stem-loops along a given sequence in O(n) time where n represents
the length of the sequence. The next chapter provides a detailed account of how genomic

sequences are scanned for stem-loops.



Chapter 3

Methods - Building A Stem-loop
Finder

Earlier, two key motivations for studying stem-loops were stated. One, stem-loops may
occur in higher frequency along genomic segments which code for structural RNAs than
genomic segments which code for proteins or genomic segments which make up noncoding
DNA. Two, stem-loops found in genomic segments which code for structural RNAs may be
longer than those which are found in genomic segments which code for proteins or genomic
segments which are noncoding DNA. If these notions are true, these differences may be
useful in identifying where structural RNA genes occur along a given genomic sequence.

To test these suggestions requires a program capable of identifying stem-loops along an
RNA sequence. There are several factors and nuances involved in implementing a suitable
stem-loop search algorithm. Therefore, the reader is gradually introduced to the stem-
loop search algorithm with a basic search algorithm that has a limited search capacity.
Thereafter, the more complex logistics and subtleties which allow the algorithm to find
more complex stem-loops are presented.

The search for stem-loops is, in large part, aimed towards finding base pairs which occur
adjacently. It is these base pairs which comprise the stem or helix in our stem-loops. The
permitted base pairs include AU, GC, and GU (Table 3.1). Note that genomic sequences
are transcribed into an RNA before embarking on a search for stem-loops.

Structural RNAs tend to favour stem-loops with a relatively high GC base pair compo-

sition. Furthermore, the base pairs which make up a stem-loop are commonly interrupted

22
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A-U | CG | GU
U-A | G-C| UG

Table 3.1: Base pairs permitted by the stem-loop finder.

Indexed Nucleotide (nt) Sequence
ntg — nt; — nto — nt3 — nty — nts — ntg — nty — ntg — ntg — nt1p — nty; — nty12 — nty3

Figure 3.1: An indexed nucleotide sequence.

by mismatched or unpaired nucleotides. Therefore, it becomes important for the search
algorithm to accommodate a set of parameters to accommodate these various possibilities.

This will be described in more detail later.

3.1 Basic Stem-loop Finding Algorithm

The basic implementation searches for tetra-loops which are characterized by 4 nucleotides
in the hairpin loop and at least 4 base pairs in the stem [66]. No mismatched or unpaired
nucleotides in the stem are permitted. To pursue these stem-loops, this basic algorithm
increments through the RNA sequence and looks for adjacent upstream nucleotides which
can base pair to adjacent downstream nucleotides. Stated differently, this basic search
algorithm searches for stacks of base pairs separated only by a hairpin loop.

The algorithm starts with the upstream nucleotide (nt) positioned at index 3 (nt3)
(Figure 3.1). It then checks whether nt3 base pairs with the ntg (note this leaves room
for 4 nucleotides to occupy a hairpin loop). Suppose, the initial upstream nucleotide (nt3)
and the initial downstream nucleotide (ntg) do not base pair. Consequently, the upstream
nucleotide is incremented by 1. As a result, the algorithm checks whether nts can base
pair with ntg. Assume they base pair, this could mean that they form the base pair which
resides nearest the hairpin loop. To check for an adjacent base pair, the upstream index is
decremented and the downstream index is incremented. The algorithm then checks whether
nt3 and ntijg base pair (Figure 3.2). Suppose 4 adjacent base pairs are identified in the

segment depicted in Figure 3.2. This stem-loop is stored as an ordered list of the tuples:
((4,9),(3,10), (2,11), (1,12)).
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Figure 3.2: The algorithm checks to determine whether complementary nucleotides which
form stem-loops can be found. Stem-loops are always validated by starting with the base
pair nearest the hairpin loop. In this figure, this involves the nucleotides at index 4 and
index 9.
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function FindTetraLoop(upstreamNucleotide, downstreamNucleotide)
{
int n = length of sequence
tuple bp;
// stores tuple of indices which denote a single base pair
pairsInStem
// stores a list of tuples (i.e. base pairs) which comprise the stem
int stemLength = 0;
while( upstreamNucleotide > 3 AND downstreamNucleotide leq n-4 AND
if (sequence[upstreamNucleotide] pairs with sequence[downstreamNucleotide]) )
{
bp = (upsteamNucleotide, downstreamNucleotide)
pairsInStem.append(bp)

// adds a tuple to the list of detailing the stem
upsteamNucleotide = upstreamNucleotide - 1
downstreamNucleotide = downstreamNucleotide+1
stemLength = stemLength+1

} end while loop
if ( stemLength > 4 )
{

return pairsInStem
else

}
{

return NULL;
}

Figure 3.3: Pseudocode detailing how tetra-loops are located along an input sequence.
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In this simple tetra-loop search, the initial upstream nucleotide and downstream nu-
cleotides are always separated by 4 nucleotides. The subsequent nucleotide pairs in the
stem are separated by 6 nucleotides, then 8 nucleotides, and so on (Figure 3.2).

The pseudocode for this basic stem-loop search algorithm is presented in Figure 3.3.
In pursuing all the possible tetra-loops along an input sequence, this function is called
for all the possible upstream and downstream nucleotides which might form the base pair
nearest the hairpin loop. Given a sequence of length n, we can represent the sequence
as ntgntynts...nt,_1. Since the minimum stem requires 4 base pairs, the lowest index
for the upstream nucleotide nearest the hairpin loop is 3. The ordered set depicting the
most upstream stem-loop is as follows: ((3,8), (2,9),(1,10), (0, 11)). Note, the index val-
ues start at O and end at n — 1 for a sequence of length n. Suppose the input sequence
has a length of n = 100. In this case, the last possible downstream stem-loop which is
comprised of the minimum 4 base pairs is defined by the following ordered set of tuples:
((91,96), (90, 97), (89,98), (88, 99)).

3.2 Partial Validation with Random Sequences

To evaluate the correctness of this simple algorithm, it was implemented and tested on ran-
dom RNA sequences. One can reasonably conclude that this algorithm functions correctly
when it scans random nucleotide sequences and produces results inline with the expected
mean given in Table 1.1. To undertake such an evaluation, hundreds of random sequences
100,000 nucleotides long were generated using a function similar to the pseudocode shown
in Figure 3.4.

The RandomlySelectNucleotide(a,c,g,u) function selects one of the 4 nucleotides at
random with each iteration (Figure 3.4). The random sequences generated have a base
composition such that: P(4) = P(C) = P(G) = P(U) =0.25

The tetra-loop algorithm was executed on 360 separate random nucleotide sequences
each 100,000 nts long. The average number of tetra-loops identified in all of these runs was
1981.59 4 6.80 (Appendix A.1).

Using the probability from Table 1.1, the expected number of stem-loops is 1977.54+1.96.
Recall the probability calculation did not account for the distance between the upstream and
downstream segments; this might in part explain the deviation. Nonetheless, the P-value

is 0.2676. The fact that these results are statistically close suggests this simple algorithm
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function GenerateRandomSequence( int length )

{

for integer from 1 to length

{
randomNucleotide = RandomlySelectNucleotide(A,C,G,U);

WriteToFile(randomNucleotide);

}

return;

}

Figure 3.4: Pseudocode briefly detailing how random sequences are generated.

functions as intended. This is important since this basic algorithm forms the foundation

upon which the following more complex stem-loop search algorithm is built.

3.3 Analysis of rRNA Stem-loop Characteristics

Given this algorithm identifies tetra-loops correctly, the next step is to increase its search
capacity. This includes the ability to find larger stem-loops and to recognize stem-loops
with bulges and/or internal loops. First, there are several questions to address. What is the
largest allowable loop? What is the minimum stem-length qualified to stabilize that loop?
How big are the largest allowable bulges and internal loops? Are there minimum GC base
pair content requirements?

To find answers to these questions, a number of secondary structures were studied.
These structures were determined with RNA secondary structure prediction algorithms
based on comparative sequence analysis. They are available on public databases at the
Comparative RNA Web Site ! and Ribosomal RNA Database 2 The structures surveyed in-
clude: Fscherichia coli rRNA (Accession Number: J01695), Saccharomyces cerevisiae rRNA
(V01335), Coprinus cinereus rRNA (M92991), Methanococcus jannaschii rRNA (U67517)
and Chlamydomonas reinhardtii rTRNA (M32703).

A number of trends were observed. The smallest hairpin loop is comprised of 3 nu-

cleotides; these structures made-up roughly 10% of all the stem-loops. The largest hairpin

'Comparative RNA Web Site: http://www.rna.icmb.utexas.edu
2rRNA Secondary Structure Models: http://www.psb.ugent.be/rRNA /secmodel/index.html
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Figure 3.5: In the cursory analysis done on several structures, the size of the hairpin loop
ranged from 3 to 20 nucleotides.

base pairs
immediately
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Figure 3.6: Base pairs located immediately after the hairpin loop.

loop observed consisted of 20 nucleotides (Figure 3.5). In all 5 structures analyzed (cited
above) there were a total of 188 stem-loops of which only 6 had more than 15 nucleotides
in the hairpin loop.

A tetra-loop typically has at least four adjacent base pairs in its stem occurring im-
mediately after the loop closure (Figure 3.6). Anywhere from roughly 20% to 60% of the
stem-loops in the structures studied had less than 4 adjacent base pairs immediately closing
the hairpin loop. However, virtually all of these stem-loops are further stabilized by base
pairs which occur after an internal loop or bulge. See Figures 3.7 and 3.8.

Next, consider the internal loops and bulges (Figure 3.9). Of all the 188 stem-loops
observed in the analyzed structures only 3 stem-loops had an internal loop with 7 nucleotides

along the longest side. The remaining internal loops were comprised of no more than 6
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Figure 3.7: Three base pairs in stem before bulge or internal loop.

5 3

Figure 3.8: Closure - 4 consecutive base pairs distal to this 4 nucleotide bulge.



CHAPTER 3. METHODS - BUILDING A STEM-LOOP FINDER 30

—

-4
%

Figure 3.9: Top: Bulges containing 1 to 4 nucleotides. Bottom: Symmetric internal loops
containing 1 to 7 nucleotides.

nucleotides. Similarly, there were no instances where a bulge consisted of more than 4
nucleotides. The analysis also suggests that the typical closure stabilizing a bulge is 3 or 4
base pairs long (depicted in Figure 3.8). Similarly, internal loops are typically stabilized by
3 or more adjacent base pairs.

The percentage of GC base pairs in the stem is typically 30-40% or more.

These observations were used to formulate a set of search parameters for our stem-loop
search algorithm. A summary of these parameters is presented in Table 3.2.

Presumeably, there are valid objections to the parameters cited in Table 3.2. One of
the primary reasons for chosing a fixed set of parameters is to limit the number of variables
affecting our results. In the course of this project, several different stem-loop metrics will
be tested. Additionally, each of these metrics will be tested on numerous bacterial genomes
which have wide ranging G+C content levels. The search parameters have been fixed to
make explaining the results more tangible. This does not necessarily deny us the ability to
examine the merits of using stem-loop metrics to identify structural RNA genes. Efforts to

optimize parameters are more suited to later stages of development.
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| Parameter [ Value |
z nucleotides in hairpin loop 3<z<15
Min. hairpin loop closure 3 base pairs
Max. bulge 6 nucleotides
Max. internal loop 6 nucleotides
Min. bulge or internal loop closure | 3 base pairs
Min. GC Base Pair Content 30%
Max. GU Base Pair Content 34%
Overall min. number of base pairs 4

Table 3.2: Summary of default/initial stem-loop search parameters. Abbreviations: nu-
cleotides (nts), base pairs (bps)

3.4 Extended Stem-loop Finding Algorithm

The algorithm which follows extends the functionality of the basic algorithm described
earlier. Recall, it could only find tetra-loops. By adopting the parameters described in the
previous section, this “extended” algorithm becomes capable of identifying stem-loops with
a range of hairpin loop sizes. It also identifyies stem-loops which are comprised of bulges
and internal loops.

The algorithm has been implemented in an object oriented fashion. In adopting this
design/implementation approach, the larger goal of finding stem-loops has been broken into
smaller tasks or functions. Subdividing the overall goal in this manner adds simplicity to
an otherwise complex task. This section describes in detail several of the key functions used
to find stem-loops.

The search is coordinated by a function called FindStems. The base pairs which occur
immediately adjacent to the hairpin loop are referred to as the stem-root {Figure 3.10). As
we saw earlier, this is the first section of each stem-loop that is pursued. Hence, the search
starts by calling the FindStemRoot function. It receives an integer upstr.nt corresponding
to the index of the first nucleotide in the potential stem-loops upstream segment. Refer to
Figures 3.11 and 3.12.

As mentioned earlier, the smallest hairpin loop is a tetra-loop (Figure 3.12). Conse-
quently, the index of the first nucleotide in the downstream segment to check for base

pairing is always 5 indices greater. See Figure 3.13. If this pair is complementary, the



CHAPTER 3. METHODS - BUILDING A STEM-LOOP FINDER 32

Figure 3.10: The stem-root refers to the base pairs adjacent to the hairpin loop.

FindStenrs

for (upstr nt = 0 to
seq. length)

upstr_nt
L ¥ FindSteaRoot (upstr_nt)|
} pairs_in_stem/HULL

Figure 3.11: Preliminary function diagram.

upstr_nt e
stem root

5' 3

Figure 3.12: First nucleotide in a potential stem-loops uptream segment.

upstr_nt"" ¥ downstr_nt
=upstr_nt +5

5 3

Figure 3.13: First nucleotide in a potential stem-loops downstream segment.



CHAPTER 3. METHODS - BUILDING A STEM-LOOP FINDER 33

Figure 3.14: After finding a base pair which could mark the beginning of a stem-loop, the
indices for the upstream and downstream nucleotides are decremented and incremented by
1, respectively. Using these updated indices the next pair of nucleotides is checked for
complementarity.

indices are incremented /decremented by 1 (Figure 3.14).

-
i

upstr_nt - 1

downstr_nt + 1

.
]

This process of decrementing/incrementing the upstream and downstream indices and
checking whether the corresponding nucleotides are complementary continues until a pair
that is not complementary is found. The search parameters dictate at least 3 consecutive
base pairs are present in the stem-root. Hence, only when 3 or more base pairs are found does
the FindStemRoot function return the pairs in the root (pairs_in_stem) to the FindStems

function (Figure 3.11). The pairs_in_stem variable might hold something like this:
((200, 205), (199, 206), (198, 207), (197, 208))

When less than 3 base pairs are found in the stem-root the variable i is reset to upstr nt
and j is set to upstr_nt + 6. Now the FindStemRoot function looks for a stem-root with
a hairpin loop comprised of 5 nucleotides (Figures 3.11 and 3.15). Again, the process of
decrementing/incrementing the upstream and downstream indices and checking whether the
corresponding nucleotides are complementary ensues. The same rules apply - at least 3 base
pairs must be present in the stem-root.

If the size of the hairpin loop exceeds 15 nucleotides and a stem-root with 3 or more

base pairs has not been found the FindStemRoot function returns NULL (Figure 3.11).
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u;:istr_nt-’v . downstr_nt
=upstr_nt +6

5 3

Figure 3.15: First 2 nucleotides to be compared in a potential stem with 5 nucleotides
comprising the hairpin loop.

Finding Bulges and Internal Loops

Suppose the FindStemRoot function returns pairs._in_stems. The next step is to attempt
to extend this stem. To find the stem-root the pairs_in_stems list was appended until
a mismatch was encountered. Therefore, to successfully extend the stem-root around this
mismatch the algorithm must accomodate a bulge or an internal loop into the stem. This
essentially involves finding a stretch of consecutive base pairs responsible for stabilizing or
closing this interruption.

A useful way to describe pursuing bulges and internal loops involves a matrix depicted
in Figure 3.16. The upstream segment is anchored along the left side and the downstream
segment is anchored along the top side. Note how the consecutive base pairs comprising

?

the stem-root are denoted with cells containing ‘1’. ’

The cell containing a ‘0’ indicates a
mismatch. If the goal is to find a string of consecutive base pairs distal to a bulge or an
internal loop, the algorithm needs to look for a string of consecutive base pairs (represented
by cells labeled ‘1’) occurring somewhere after the mismatch (represented by cells labeled
‘0’). If there is a symmetric internal loop of length 1, then we would expect to find a
diagonal of base pairs (or cells labeled ‘1°) interrupted by a mismatch {or cell labeled ’'0’)
(Figure 3.17). Likewise, if there is a symmetric internal loop of length 2 then we should see
2 mismatches (or cells labeled ‘0’) interrupting the diagonal of base pairs (i.e. cells labeled
1). This is depicted in Figure 3.18.

Let us consider bulges. Suppose, there is a bulge with 1 nucleotide occurring in the
upstream segment. The start of the subsequent stretch of consecutive base pairs (those
which close the bulge) would start with the cell below the first mismatch (Figure 3.19).
Similarly, suppose there is a bulge with 3 nucleotides. Then the subsequent diagonal of base

pairs begins 3 cells below the mismatch (Figure 3.20).
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Figure 3.16: Path traversed by consecutive stretch of nucleotides.
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Figure 3.17: Path traveled by symmetric internal loop 1 nucleotide long.
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Figure 3.18: Path traveled by symmetric internal loop 2 nucleotides long.
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Figure 3.19: Path traveled by upstream bulge 1 nucleotide long.
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Figure 3.20: Path traveled by upstream bulge 3 nucleotides long.

To reiterate, the diagonal stretch of cells labeled ‘1’ blocks occurring after a mismatch
or mismatches represents consecutive base pairs which act to “close” or stabilize bulges and
internal loops.

In the previous section, a set of search parameters was outlined (Table 3.2). They limit
the maximum number of nucleotides in a bulge or along one side of an internal loop to 6
nucleotides. They also specify that at least 3 base pairs are required to stabilize a bulge or
an internal loop. This means that a string of consecutive base pairs must be not less than
3 cells measured diagonally and this diagonal must begin within the 7 cells below or to the
right of the mismatch (Figure 3.21).

The examples described above dealt only with bulges and symmetric internal loops. The
gray region shown in Figure 3.21 encapsulates all the allowable paths that can be traversed
by an asymmetric internal loop. For instance, a diagonal string of base pairs starting one
cell to the right and 2 cells below the mismatch (labeled ‘0’) depicts an asymmetric internal
loop with 2 nucleotides in its upstream segment and 1 nucleotide in its downstream segment
(Figure 3.22).

We now return to the algorithm to see how these tables are useful in describing the
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Figure 3.21: This table depicts the search space or the possible starting points for a stretch
of consecutive base pairs which close or stabilize an internal loop or bulge.
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Figure 3.22: Path traveled by asymmetric internal loop.
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FindSteas

for (upstr_nt = 0 to
seq. length)

upstr_nt N
. » rFindStelRoot {(upstr_nt )1
pairs_in_sten/NULL

airs_in_sten
» E — % |ExtendSteaRoot (pairs_in_stena)
pairs_in_sten
} ) .

pairs_in_stenm ||pairs_in_stem
~NULL

FindBulgePath (pairs_in_stenm)

Figure 3.23: Secondary function diagram.

stem-loop search algorithm.

Once the algorithm finds a stem-root it tries to extend the stem either by adopting a
bulge or an internal loop. To do this, the FindStems function calls the ExtendStemRoot
function to find the longest possible stem (Figure 3.23).

The ExtendStemRoot function calls the FindBulgePath function to look for consec-
utive base pairs which we earlier represented as diagonal paths. When such a path is
returned, it is appended to the pairs_in_stem variable. ExtendStemRoot continues calling
the FindBulgePath function until it returns NULL. In this way, the algorithm seeks out the
longest possible stems.

Lastly, two elements need to be added to function diagram (Figure 3.24). For each
cell in the block of possible diagonal starting points the FindBulgePath function calls the
CheckFor3PlusConsecBPs function to check whether there are 3 or more consecutive base
pairs. The first path with 3 or more consecutive base pairs is not immediately returned.
Rather, the first path is stored as a candidate path while the FindBulgePath function
explores all the (7,7) paths. When a second path is found, the 2 paths are compared by
calling the Select1PathFrom2 function which returns the longest path (ie. the one with the

most base pairs).
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FindSteas

for (upstr_nt = 0 to
seqg. length)
{ upstr_nt

. = {FindSte-Root (upstr_nt)
N pairs_in_stemsNULL
pairs_in_stem — -
. P |ExtendSteaRoot (pairs_in_sten)
M pairs_in_stem
} .
}

pairs_in_stem | |pairs_in_stem

FindBulgePath (pairs_in_sten)
( ' G 3) s —
g > ICheckFor:iP.lusConsecBPs (i. 3 )I
pairs_in_stens/NULL

*
}
(pairs_in_sten. pair§_ in_sten)
- - =~ |Select1PathFrom2 (pairs_in_stea.
pairs_in_stem pairs_in_stem)

Figure 3.24: Final function diagram.

In summary, at each index along the sequence this stem-loop search algorithm attempts
to find the longest possible stack of base pairs with the smallest hairpin loop which satisfies
the search parameters.

Earlier, the stem-loop definition presented in Section 1.4.1 explicity stated that stem-
loops do not have pseudoknots within their boundaries. It is important to note that this
search algorithm does not explicity rule-out this possibility. It is presumed that nucleotides
interacting to form a pseudoknot would not reshape or completely destabilize the stem-loops

as the algorithm has identified them.

3.5 Computational Complexity

The algorithm scans along a genomic sequence and in doing so it constructs the longest
possible stem-loop within the search parameters. It is possible to construct pathological
artificial sequences which could lead to a scan time of O(n?) with a maximum stem-loop size

of %n (Figures 3.25 and 3.26). However, it seems virtually impossible that such sequences
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Figure 3.25: In the worst case scenario, a stem-loop is found by the search algorithm at each
iteration along the sequence. The longest possible stem-loop would occur at the center of
the input sequence. Here approximately %n nucleotides in the upstream segment will pair
with approximately %n nucleotides in the downstream segment.

would occur in nature. For real sequences, the length of the largest possible stem-loop is
typically negligible compared to the length of the sequence. For all practical purposes, the
average length of a stem-loop can be considered constant and depends more on the G4+C
content than the length of the input sequence (for large enough sequences). As a result, we
can assume that to scan a sequence of length n takes linear or O(n) time. This was also
confirmed in practical experiments where the doubling of the length of an input sequence
led to roughly doubling the CPU time to scan the sequence assuming that the G4-C content

of both sequences was the same.

3.6 Programming Language

The stem-loop search algorithm was initially implemented in Python? - an interpreted lan-
guage. Python was selected early on because it allows for rapid prototyping. However,
the downside is that its execution is slower than most compiled languages. In Python, the
stem-loop search algorithm required approximately 7 minutes to scan through a sequence
roughly 1 x 108 nucleotides long (Intel Pentium 4© 2.8 GHz processor, 1.4 GB RAM).

Given that this project would require scanning many sequences - some comprised of over

“Python Programming Language: http://www.python.org
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s = number of steps for a sequence of length n
Sn = num. steps in first half + num. steps in second half
3 34
Sn = Zz +| D5
i=4 i=1
bl
Spn = 2X ¢ | ...simplified since both halfs require the same num. of steps
i=4
Sn = 2% (§(a1 + af)> ...substitute in a summation series formula

ay is the first value, ay is the final value, ¢ is the total number of values.

Since, a1 = 4, ay = n and t = (g - 3) , we have...

o
$n = 2X [Lg;;—g’l(4+g-ﬂ

Sp = (g—3)(4+g—>=%n+%2—12—gn
Spn = %—%n—m

Sn ~ n?

Figure 3.26: In the event that a stem-loop is found at each iteration along the sequence the
number of steps (sn) required to find all these stem-loops is a function of n? where 7 is the
length of the sequence.
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Figure 3.27: Stem-loops are depicted with simple text. The stem-loop on the left is rendered
in text format on the right.

5 x 10% nucleotides, these long processing times became an impediment. One of our goals
was to design a tool that would give the user a rapid response. Consequently, the algorithm
was implemented in the C++ programming language [45]. The performance improvement
was substantial. To scan a 1 x 108 nucleotide sequence required less than 6 seconds on the
same desktop computer cited above. Simply shifting from Python to C++ appears to have
improved time performance by about 70 times. This clearly makes scanning many bacterial

genomes much more feasible.

3.7 Displaying Stem-loops in Text Format

The ability to render stem-loops visually is important for inspecting what the stem-loop
search algorithm is finding. Consequently, a means to display the stem-loops identified by
the search algorithm was devised and implemented.

A simple means to render stem-loops uses 3 lines of text (Figure 3.27). The upstream
segment and the nucleotides comprising the hairpin loop are placed on the top line. The
bottom line depicts the nucleotides residing in the downstream segment. The vertical bars
(‘") located on the centerline signify a base pair between the nucleotides above and below it
(Figure 3.28). Mismatched nucleotides do not have a vertical bar between them. Unpaired
nucleotides are denoted opposite a ‘*’ character.

Recall that the stem-loops are represented in memory as an ordered set of tuples:
((100, 105), (99, 106), (98, 107), (97, 108), (96, 109), (92, 112), (91, 113), (90, 114), (89, 115))

All the information necessary to describe a stem-loop is present in this ordered set. To

display the proper nucleotides this algorithm uses the integer values in the tuples to access
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Figure 3.28: A stem-loop depicted using 3 lines of text. Note the mismatched and unpaired
nucleotides. The base pair tuples are not included in the output. They are included here
for illustration purposes.

the correct locations in the sequence array (e.g. sequence[100] = A ).

In the interest of memory conservation and efficiency the unpaired or mismatch nu-
cleotides are not stored in the ordered set. Therefore, to include these nucleotides in the
stem-loop printout the original ordered set of tuples needs to be modified. However, it is im-
portant to clearly convey which tuples represent base pairs and which represent mismatches
or unpaired nucleotides. This is accomplished by denoting mismatched nucleotide indices
with negative values (e.g. (—95,—110)). Similarly, the index of an unpaired nucleotide is
paired with a —1 (e.g. (93,—1)). This still allows for the proper nucleotides to be retrieved
by simply taking the absolute values when both integers in the tuple are negative. If only
one of the integers is negative, it will be the —1. This signals a mismatch and instructs the

algorithm to print a *'

rather than a nucleotide (Figure 3.28). Additionally, one or two
negative integers in a given tuple indicates that the center line in the display should not
include a ‘|’. The ordered set shown above is processed into the following ordered set to

generate the correct text display:

((100,105), (99, 106), (98, 107), (97, 108), (96, 109), (—95, —110),
(—94,-111), (=93, 1), (92, 112), (91, 113), (90, 114), (89, 115) )
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Number of Stem-loops

Accession | Present in Secondary | Identified by | Partially | Fully
Number Structure Algorithm Correct | Correct
J01695 32 | 177 | 19 9

Table 3.3: This table presents a summary of the findings when the algorithm is executed on
a E. coli ssu TRNA gene (J01695). Many more stem-loops are identified than are present in
the final RNA secondary structure.

3.8 Testing the Search Algorithm on a Single rRNA Gene

The stem-loop finder program was tested on numerous short sequences to insure it was
finding the stem-loops as intended. In another evaluation, the stem-loops identified in the E.
coli ssu TRNA (J01695) gene were compared to the stem-loops depicted in its corresponding
RNA secondary structure. The results confirmed previously anticipated output patterns.
The algorithm finds many stem-loops; yet it also overlooks others. This commonly occurs
when a particular stem-loop fails to meet the search parameters (e.g. > 30% GC base pairs).
There are 32 stem-loops in the J01695 rRNA secondary structure; the algorithm correctly
identified 19 of their locations. This means that the hairpin loop was correctly identified.
Identification errors most commonly occur after the algorithm encounters a bulge or an
internal loop. At these junctures, the algorithm commonly settles on an incorrect stack
of base pairs which closes this bulge or internal loop (Figure 3.21). Recall, the search
parameters require 3 consecutive base pairs immediately after an internal loop or a bulge,
in some stem-loops there are only 2 adjacent base pairs at these junctures. As a result, the
distal segment of several stem-loops were not recorded correctly. The algorithm also misses
stem-loops with less than 3 consecutive base pairs in the stem-root.

Clearly, the algorithm has not been optimized to identify every stem-loop in a given
rRNA structure. However, in this instance, it correctly identify 9 of the 32 stem-loops.
Adjustments to the search parameters could help to improve the ability to uncover more
“correct” stem-loops. At this juncture, it is too early to determine how such changes would
affect the ability to observe differences between structural RNA genes and their genomic
counterparts.

Interestingly, the stem-loop search algorithm identifies 177 stem-loops along the J01695

sequence. However, the published secondary structure only depicts 32 stem-loops. This
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could suggest that every possible stem-loop within a given structural RNA gene is not
necessarily present in its final structure. Admittedly, many of these supplementary stem-
loops may never have a real possibility of competing - thermodynamically speaking - for a
position in the final structure. This, however, does not necessarily preclude the possibility
that they may play a role in fostering an environment which favors assembly of the final
structure.

The results generated by the stem-loop search algorithm are confined by the search
parameters. In addition, the results are also confined by the nature of the search algorithm
itself. For instance, the algorithm is designed to take the first “qualified” stem-loop with
the smallest hairpin loop. It is important to keep in perspective that the forces at play in
determining which stem-loops are present in a final RNA structure are vastly more complex
than parameters such as minimum closures, maximum bulge size, or minimum GC base pair
content. Hence, it is not surprising that the algorithms findings do not exactly match what
is seen in the final secondary structure.

It is postulated that in nature numerous stem-loops in an RNA transcript are competing
with one another to play a role in the final structure. Our aim is not to precisely define
all the stem-loops that would be found in the final RNA secondary structure. Such a
task could only be accomplished with an RNA folding algorithm - the problems with that
approach were described previously. The questions we hope to answer include the following:
Is the average stem-loop longer in regions which code for structural RN As compared to their
genomic counterparts? Do stem-loops occur at a higher frequency in regions which code for
structural RNAs compared to their genomic counterparts? The accuracy limitations of the

stem-loop search algorithm do not necessarily prevent us from answering these questions.

3.9 Sequence Maps

The motivation for pursuing stem-loops is the notion that stem-loops may occur more
frequently in regions which code for structural RNAs relative to the frequency with which
they occur in their genomic counterparts. In addition, it is believed that the average stem-
loop present in regions which code for structural RNA genes will be longer than the average
stem-loop found in their genomic counterparts. To investigate these suggestions requires

the ability to compare stem-loops found in the various genomic regions.
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Nucleotide Sequence:

Ap U, Ca Cs Gy As Ce Gr Us Gy

Corresponding Sequence Map:
NCO NCl NCQ I‘RNA3 I‘RNA4 I‘RNA5 CDSS CDS7 CDSg tRNAg

Table 3.4: Annotated sequences are used to create a one-dimensional map. This map depicts
the genomic domain a given nucleotide or a stem-loop falls into — ribosomal RNA (rRNA),
transfer RNA (tRNA), protein-coding sequence (CDS), non-coding DNA (NC).

Annotated sequences are publicly available at the NCBI® website. More specifically,
the annotated bacterial sequences used in this study are available at the NCBI Entrez
Microbial Genome website*. The information conveyed in these annotated genomes is used
to generate a one dimensional map for each genome. This sequence map divides the genomic
segments into four broad categories - protein coding sequences (CDS), non-coding DNA
(NC), ribosomal RNAs (rRNA), and transfer RNAs (tRNA).

For a given annotated genome, two arrays equal in length are created. One holds the
nucleotide sequence. The second array serves as a map by storing one of the 4 labels at each
index - CDS, NC, rRNA, or tRNA (Table 3.4). This allows the program to determine which
domain a specific nucleotide or a stem-loop falls into. For instance, in Table 3.4, the first
nucleotide - adenine - falls into a NC region. Similarly, the seventh nucleotide - cytosine -
falls into a CDS region.

The information stored in these one dimensional maps is important for comparing stem-
loops between opposing regions. Ultimately, this information will help us to determine
whether stem-loops can effectively differentiate structural RNA genes from their genomic

counterparts.

Shttp://www.ncbi.nhn.nih.gov/
*http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html
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3.10 Chapter Review

This chapter provided a detailed description of the stem-loop search algorithm. To identify
stem-loops similar to those typically observed in RNA secondary structures, a set of search
parameters was devised. At each iteration along the input sequence, the algorithm identifies
the stem-loop with the smallest hairpin loop and the longest stem which satisfies the search
parameters.

Our goal is to determine whether stem-loops can be used to distinguish structural RNAs
from their genomic counterparts. To investigate this, the algorithm is used to scan numerous
annotated bacterial genomes. From each annotated genome a sequence map is generated.
This map divides the genome into 4 broad categories. Subsequently, these maps are used to
compare stem-loops identified in structural RNAs (rRNA and tRNA) with those identified
in their genomic counterparts (CDS and NC).

The next chapter describes the stem-loop characteristics or metrics which are used to
compare stem-loops found in opposing genomic segments. These comparisons involve the

use of statistics.



Chapter 4

Methods - Stem-loop Metrics and
Statistics

Our goal is to determine whether stem-loops can help to identify structural RNA genes
along a given genome. To investigate this requires quantifiable metrics so that statistics can
be used to compare stem-loops found in opposing genomic regions. This chapter presents
6 stem-loop metrics. Each metric will be studied to examine its ability to differentiate
structural RNAs from their genomic counterparts. This involves comparing the average
metric values from structural RNAs (rRNA and tRNA) with the average values measured

in their genomic counterparts (CDS and NC).

4.1 Stem-loop Metrics

4.1.1 Number of Base Pairs - bps

The bps metric is simply the number of base pairs comprising a given stem-loop.

4.1.2 Stem-loop Span - span

The span metric is measured as the distance in nucleotides from the first upstream nu-
cleotide to the last downstream nucleotide which comprise a stem-loop (Figure 4.1). Stated
differently, it is the distance between the 2 nucleotides which makeup the base pair which

lies furtherest from the hairpin loop.

49
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i =100 = - j=123
5' 3

Figure 4.1: The stem-loop span is measured as the total distance between the nucleotides
which comprise the base pair which is most distal to the hairpin loop.

span = j—i+1
With reference to Figure 4.1...
span = 123 -100+1

span = 24 nucleotides

4.1.3 Stem-loop Center-point Spacing - cSpacing

The center-point for a given stem-loop is the position in the middle of the hairpin loop. The
cSpacing metric gauges the distance between stem-loops by calculating the average distance
in nucleotides from the center-point of a given stem-loop to the center-points of its nearest
non-overlapping upstream and downstream neighbours (Figure 4.2). For instance, if the
base pair nearest the hairpin loop is (100, 105) the halfway or center-point in the hairpin
loop is 102.5. Similarly, if the base pair nearest hairpin loop is (100,106) the center-point
is 103. The center point does not need to correspond to a single nucleotide since it is being
used to gauge distance and not to denote which nucleotide lies at the center of a given

hairpin loop.
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Center-point Spacing

\ 23 Y ¥

TETTTT IRELLRRE
spacing = (19+19)/2 = 19

Figure 4.2: The cSpacing metric is measured from the center point of each stem-loop
indicated by the arrows.

8 nts. A nts.

[ Foot-To-Foot Value = (8 +8) /2 =8 |

Figure 4.3: The fSpacing metric is measured as the average distance in nucleotides from
the foot of one stem-loop to the footings of its nearest non-overlapping upstream and down-
stream stem-loops - as indicated by the blue arrows.

4.1.4 Stem-loop Foot Spacing - fSpacing

The “foot” of a stem-loop is the base pair most distant to the hairpin loop (Figure 4.3).
The fSpacing metric is the average distance to the foot of its nearest non-overlapping
upstream and downstream stem-loops. The fSpacing metric is similar to the cSpacing
metric, however, it excludes factors related to the size of the stem-loop itself by measuring
from the outer boundaries.

The final metrics simply group 2 metrics together. Multiplication, it was postulated,
would help to amplify differences that might exist between structural RNAs and their ge-
nomic counterparts. In contrast, simply adding 2 metrics together would not significantly

amplify differences between the various genomic regions.
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4.1.5 Combined Metric - (cSpacz’ng X bps)

The (cSpacz'ng X bps) metric combines the ¢Spacing and the bps metrics by multiplying

them.

4.1.6 Combined Metric - ( fSpacing x bps)

The ( fSpacing x bps) metric combines the fSpacing and the bps metrics by multiplying

them.

4.2 Statistics

4.2.1 Mean Metric Values for a Genomic Domain

The sequence maps are used to calculate the mean stem-loop metric values for each of the
genomic domains - rRNA, tRNA, CDS, and NC (Equation 4.1).

S ozi  x; refers to the metric value for stem 4

X = (4.1)

n n is the number of stems found in a region (eg. CDS)

It is conceivable that a stem-loop will sit atop a boundary between 2 genomic domains.
However, it is assumed that any given stem-loop can belong to only 1 genomic domain. The
genomic domain for a given stem-loop is determined by rounding the center-point value to
the nearest integer or index and looking up that index in the sequence map.

The mean stem-loop metric values are calculated for all 58 genomes in our test set.
These results are plotted and compared to study differences and trends. This information
helps to determine whether mean stem-loop metric values may be capable of distinguishing
structural RNAs from their genomic counterparts. The next section describes a more rigor-
ous statistical examination. Given the average stem-loop metric value in structural RNAs,

can they be identified along the sequence without using the sequence map?

4.2.2 Hypothesis Tests Help Identify rRNAs

A statistical inference is commonly referred to as a hypothesis test by statisticians. In this
project, hypothesis testing is used to determine whether a given region along the genomic

sequence potentially codes for a structural RNA. These statistical inferences are based on
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the Central Limit Theorem (CLT). According to the CLT, sample means are approximately
Normally Distributed about the population mean, p (see figure in Table 4.1) [12]. This
makes it possible to determine whether a given sample mean, ¥, may have been obtained
from a population with a mean value, . This test is commonly based on a 95% confidence
interval. Consequently, 2.5% of the extremely low sample means and 2.5% of the extremely
high sample means are discarded (Table 4.1). Theoretically, if a 100% confidence interval
was desired the thresholds or cut offs would have to extend to negative and positive infinity.

The stem-loop search algorithm identifies the stems in the genome sequence. The sample
mean for a given stem-loop metric is calculated over N adjacent stem-loops. This sampling
process is repeated over the entire length of the input sequence. For each sample along the
sequence, a hypothesis test is performed. If the sample mean lies within the 95% confidence
interval of the population mean, p.gpya, the sample is suspected to have come from an
rRNA gene. Note that the classification of each sample is thereby reduced to a true or false
answer.

The sample size - N - used in our experiments ranges from approximately 30 to 500
stem-loops. Increases to sample size are accompanied by decreased variance in the sample
mean probability distribution (i.e. the Normal Distribution of sample means takes on a
more narrow shape) [12].

This project does not apply a strict mathematical method to evaluate false positive
rates. It was decided that graphical depiction of the algorithms finding would suffice for our
purposes. The next section describes how graphical illustration of the results are generated

for each of the input sequences.

4.3 Displaying the Results Obtained on Bacterial Genomes

Once a genome is scanned for stem-loops and the statistical analysis is performed the results
are summarized in a figure. To see an example the reader may jump ahead to Figure 6.1 on
page 84. This figure is divided into 2 graphs. The top graph shows a map of the annotated
genomic sequence with reference to the indexed sequence (i.e. nucleotide location). It also
depicts where the “hits” determined by the statistical analysis occur. The ideal result shows
a strong correlation between the location of the rRNAs/tRNAs and the “hits”. The bottom
graph shows local GC content plotted against the same index values.

The results are depicted in 500,000 nucleotide segments. This allows for these graphics
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NORMAL DISTRIBUTION

f@im0) = Ze @B oo <o <o

Table 4.1: Normal distributions are symmetrical. The CLT states that sample means ap-
proximate a Normal Distribution which is centered over the population mean, u. A 95%
confidence interval encompasses 95% of the possible sample means could arise from this
population, g. The remaining 5% covers the outlying sample means which have a much
smaller probability of occurring.

or graphs to be easily presented on paper. In the interest of space, the results reported in
this document on any particular genome have been restricted to 1 of these 500,000 nucleotide

segments.

4.3.1 Plotting Results with Gnuplot

These graphs along with several others were created using a text based program called Gnu-
plot. Gnuplot is advantageous when thousands of data items need to be plotted. Loading
a text file in Excel or a Statistics Program is generally workable. However, their graphical
interfaces crash when one attempts to open a data file several megabytes in size. Gnuplot
easily handles large quantities of data. Furthermore, if one is graphing the same data format
for numerous different files (ie. sequences) a script can be written to undertake this repet-
itive task in a hands-free manner. For a detailed description on Gnuplot see their website:

http://www.gnuplot.info
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4.4 Chapter Review

This chapter described several stem-loop metrics used to study differences between struc-
tural RNAs and their genomic counterparts. To distinguish between the various domains
our approach relies on stem-loop metrics and their statistics. The aim is to find a set of
stem-loop metrics where the average values observed in structural RNAs differ significantly
from the average values found in their genomic counterparts. These metrics have been
devised to measure the length and spacing attributes of stem-loops.

After scanning the genomes in our training set, average values for each of the stem-loop
metrics are established. These average values are used to compare and contrast the various
genomic domains - CDS, NC, rRNA, and tRNA. Our final experiments examine whether an
average structural RNA metric value is capable of identifying where structural RNAs occur
along a given genome without the use of the sequence map.

It is important to test stem-loop metrics on many genomes over a wide range of G+C
content levels. This provides a more realistic guage on their effectiveness across a wide
diversity of genomes. Consequently, the next chapter describes how the stem-loop metrics
are tested on numerous bacterial genomes to study how changes to G4+C content affect their

performance.



Chapter 5

Results - Average Stem-loop
Metric Values

This chapter examines differences between the genomic domains in our set of annotated
bacterial genomes. First, the base composition in CDS, NC, rRNA, tRNA regions are com-
pared. This information is useful in understanding the subsequent sections which describe

the differences in the stem-loop metrics between the opposing genomic domains.

5.1 Base Composition

The base composition approach studies the frequency of nucleotides along a given genomic
sequence. Research has shown that RNA genes tend to be G+C rich (i.e. they have a
relatively high makeup of guanine and cytosine nucleotides) [10, 17, 23, 26, 63]. In A+T
rich genomes, the average G+C content in RNA genes is considerably higher than the
average G+C content found in their genomic counterparts. This disparity can be exploited
to uncover where structural RNA genes are located [8, 23, 17, 49, 53, 64]. By simply
measuring local G+C content (i.e. over a region spanning roughly 100-200 nucleotides) one
can identify where RNA genes occur in an A+T rich genome. Importantly however, this
base composition approach is considerably less effective when the difference in the global
G+C content and the structural RNA G+C content decreases.

In the paragraphs which follow, the term “global” is used repeatedly. It refers to the

56
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Genomic Mean Standard
Domain | G4+C Content | Deviation
CDS 0.45 0.12
NC 0.39 0.12
rRNA 0.53 0.043
tRNA 0.58 0.048

Table 5.1: Summary statistics for the average G+C content for each genomic domain across
the global G+C content spectrum. Original data presented in Appendix A.3.

entire genomic sequence. For instance, the global G+C content describes the base composi-
tion over an entire genomic sequence. Conversely, the term local loosely describes a regional
characteristic.

The first experiment examines the differences in local G+C content between various
genomic domains over 58 different bacterial genomes. The results depict interesting trends
which emerge in genomes over a wide range of global G+C content levels. Figure 5.1 shows
the mean local G+C content level for each of the genomic domains - CDS, NC, rRNA, and
tRNA. Each genome contributes 4 points to the graph - one for each of its genomic domains.
It should be clear that the 4 points from any given bacterial genome are aligned vertically
since they all arise from the same genome sequence which has only one global G+C content
value.

There are a couple of noteworthy features in Figure 5.1. The G+C content levels in rRNA
and tRNA regions are notably more stable than those found in the CDS and NC regions
(Table 5.1). Furthermore, the G+C content levels in CDS and NC strongly correlate with
the global G+C content levels.

The G+C content level in structural RNAs appears relatively steady at roughly 50-60%.
Importantly, when the global G+C content reaches 50-60% distinguishing between structural
RNAs and their counterparts using differences in base composition becomes infeasible. This
conclusion can be made merely by studying Figure 5.1. The plots for rRNA and tRNA
intersect with the CDS and NC plots in genomes when the global G+C content level reaches
50-60%. This collision illustrates why the base composition method is not effective at finding
structural RNAs in G+C rich sequences.

The sections which follow describe the pursuit of a set of stem-loop metrics which are
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Local GC Content vs. Global G+C Content
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Figure 5.1: Local G+C content vs. Global G+C content. This graph depicts the differences
in local G4C between the various genomic domains. As global G+C content increases the
disparity between the local G+C content levels in structural RNAs (rRNA and tRNA) and
their counterparts (CDS and NC) diminishes. Where these plots collide, the values for the
respective plots are equivalent. The corresponding data is located in Appendix A.3
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Average Number of Base Pairs vs. G+C Content
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Figure 5.2: Average bps found in stems-loops in CDS, NC, rRNA, and tRNA regions. The
data is presented in Appendix A .4

capable of identifying regions where structural RNA genes occur. These metrics are tested
on many genomes in an effort to evaluate and predict their performance across the global
G+C content spectrum. The observations in Figure 5.1 convey the value in finding a set
of stem-loop metrics where the average values in structural RNAs differ significantly from

their genomic counterparts across the entire G+C content spectrum.

5.2 Number of Base Pairs in a Stem-loop - bps

The stem-loop base pairs metric, bps, is intuitive. It is simply the total number of base pairs
in a given stem-loop. Our initial expectations were that the average bps in stem-loops which
reside in TRNA and tRNA genes would be greater than the average bps observed in their
genomic counterparts. The results over the same set of 58 bacterial genomes are shown in
Figure 5.2.

There are a couple of noteworthy observations. First, the results contradict our initial
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Genomic | Average | Standard

Domain bps Deviation
CDS 9.64 3.92
NC 8.92 2.63
rRNA 9.44 1.27
tRNA 9.51 1.01

Table 5.2: Summary statistics for the average bps in a stem-loop for each genomic domain
across the G+C content spectrum. The corresponding data is presented in Appendix A.4.

suspicions. The average length of a stem-loop in TRNA and tRNA regions is not consistently
greater than the average in CDS and NC domains. Furthermore, there does not appear to
be a significant difference in the average number of base pairs found in structural rRNA
compared to their counterparts. The only exception to this may be in G4+C rich genomes.
Compared to the previously described base composition approach, the bps metric does not
appear to provide an advantage in demarcating structural RNAs at any point along the G4+C
content spectrum. Stated differently, the average bps value in TRNA domains compared to
the average in its counterparts do not appear to differ significantly in the genomes examined.

Figure 5.1 suggests that increases to global G+C content coincide with increases to local
G+C content in CDS and NC domains. This makes sense given the vast majority of bacterial
genomes are comprised of CDS sequences. Recall, the local G+C content level in rRNA and
tRNA genes are relatively stable by comparison (Table 5.1 and Figure 5.1). A similar trend
emerges in Figure 5.2. As the global G+C content increases from one genome to the next,
the average bps in the CDS and NC domains also increases. These results suggest that the
increase in average bps in CDS and NC regions is strongly related to the concurrent increase
in local G+C content level in these domains. Likewise, the relatively stable bps valuations
in TRNA and tRNA domains is presumably related to the relatively stable G+C content
levels in these domains (Tables 5.1 and 5.2).

Recall the stem-loop search parameters; they require a minimum 30% of the base pairs
are GC base pairs. The higher the G+C content the more likely one will find longer stems
with a sufficient number of GC base pairs (Figure 1.6 on page 10). Conversely, in AT
rich genomes, the longest possible stems will tend to have more AU base pairs. However,

the longest stems in AT rich genomes are less likely to meet the minimum GC base pair
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CDS 6.17+2.21

NC 6.58+3.06
rRNA 7.88+3.52
tRNA 8.25+3.99

NC_001318 bps metric

Table 5.3: Mean values for bps metric in Borrelia burgdorferi, NC_001318, which has a global
G+C content of 29%.

requirement. Given the stem-loop search algorithm only continues to extend a stem as long
as the minimum parameters are met, the average bps value in AT rich genomes is bound to

be lower.

5.2.1 Probability Distribution - bps

For a given sequence, a probability distribution can be created for the bps metric. In the
interest of space, the distribution of only 1 genome - Borrelia burgdorferi - will be presented
here (Figure 5.3). The 4 genomic domains are plotted separately. The shape of the distri-
butions among the various domains appears to follow a similar pattern. The mean values
occur at slightly different positions (Table 5.3 and Figure 5.3). The relatively high standard

deviations in these mean values is attributable to the shape of their probability distributions.

An analysis of the results obtained for the bps metric in randomized or shuffled genomic

sequences is presented in Appendix B.

5.3 Stem-loop Span - span

The span is measured as the distance from the first upstream nucleotide to the last down-
stream nucleotide comprising the stem-loop structure (Section 4.1.2). Using the same set of
58 genomes, a graph was generated by plotting the average span versus the global G+C con-
tent is remarkably similar to the earlier graph depicting the bps metric (compare Figures 5.2
and 5.4). The similarity in the graphs corresponds to their likeness; the bps and span met-
rics both relate to the length of the stem-loop. The difference being that the bps metric

does not account for the unpaired nucleotides which reside in the hairpin loop, the bulges,
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Average Span vs. G+C Content
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Figure 5.4: Average Stem-loop span vs. G+C content. The corresponding data is located
in Appendix A.5

and/or the internal loops. Recall that the parameters which guide the search for the stem-
loops restrict the size of the hairpin loops, bulges, and internal loops (Table 3.2). Therefore,
the inherent nature of the stem-loop search largely precludes significant differences from
emerging between the bps and span metrics.

Like the bps metric, there do not appear to be significant differences between the average
span value in structural RNAs and those measured in their genomic counterparts to indicate
this metric may act as a useful distinguishing feature. The span metric appears more stable
in the rRNA and tRNA domains relative to their genomic counterparts (Table 5.4 and
Figure 5.4). This is presumably attributable to the relatively stable G+C content levels in
rRNA and tRNA.

5.3.1 Probability Distribution - span

The probability distribution for the span metric in Borrelia burgdorferi, NC_001318, is
shown in Figure 5.5. The pattern displayed by these probability distributions explains the
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Genomic | Average | Standard
Domain span Deviation
CDS 33.94 12.34
NC 31.05 8.55
rRNA 33.54 4.02
tRNA 33.48 3.15

Table 5.4: Summary statistics for the average span for each genomic domain across the
G+C content spectrum. The corresponding data is in Appendix A.5.

CDS 22.84+7.58

NC 23.97+9.72
rRNA 28.32+11.79
tRNA 29.82+13.37

NC_001318 span metric

Table 5.5: Mean values for span metric in Borrelia burgdorferi, NC_001318, which has a
global G+C content of 29%.

relatively high standard deviation listed in Table 5.5.

An analysis of the results obtained for the span metric in randomized or shuffled genomic

sequences is presented in Appendix B.

5.4 Stem-loop Center-point Spacing - cSpacing

The ¢Spacing metric gauges the distance between stem-loops by measuring the average
distance in nucleotides from the center-point of a given stem-loop to the center-points of its
nearest non-overlapping upstream and downstream neighbours (Section 4.1.3). The average
cSpacing values found in the genomic domains have been plotted against the global G+C
content for each of the genomes in our working set. Figure 5.6 reveals some encouraging
trends which are a remarkable improvement over the previous metrics.

In A+T rich genomes, the difference between rRNAs and its counterparts - CDS and
NC - is quite significant (Figure 5.6). This discrepancy diminishes in more G+C rich
genomes (Table 5.6). Yet, in all the previously described metrics, the difference between the

average TRNA metric and the average of its counterparts decreases to zero with increasing
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Accession | G+C CDS NC rRNA
Number | content | cSpacing | cSpacing | cSpacing

NC_003366 0.29 107.86 149.72 44.98

NC_003869 0.38 66.02 72.25 43.48
NC_000916 0.50 46.36 55.80 43.71
NC_000919 0.53 46.50 47.50 43.29
NC_002927 0.68 55.50 50.74 42.63

Table 5.6: The results presented depicted the diminishing discrepancy in the cSpacing

metric as more G+C rich genomes are studied. This table is a short excerpt of the results
presented in Appendix A.6

global G+C content - i.e. the rRNA plot intersects with those of its genomic counterparts
(Figures 5.1, 5.2, and 5.4). In contrast, the rRNA ¢Spacing metric does not intersect with
its counterparts - NC and CDS (Figure 5.6). Removing the tRNA values from Figure 5.6
helps to make this more clear - see Figure 5.7.

Another noteworthy feature regarding Figure 5.7 relates to variance. Relative to the
CDS and NC regions, there is less variance in the average rRNA c¢Spacing metric across the
entire G+C content spectrum (Table 5.7). The stability in c¢Spacing seems more striking
than observed in the bps or span metrics. The low degree of variance is presumably related
to conserved G+C content levels. More discussion on variability is found below in the
description of the cSpacing probability distribution and later in Section 5.9.

Earlier, it was postulated that stem-loops might occur with higher frequency (i.e. lower
average cSpacing) in regions which code for structural RNAs compared to their genomic
counterparts. The results depicted in Figure 5.7 suggest that this may be true for TRNAs.
However, when the G+C content in rRNAs and their counterparts is essentially equivalent
(ie. 50-55%), the difference in the cSpacing values between these groups is negligible
(Table 5.6 and Appendix A.6).

5.4.1 Probability Distribution - cSpacing

Above, the ¢Spacing metric values measured in 58 genomic sequences was found to be sig-
nificantly more stable in the rRNA domains in comparison to their counterparts - including
tRNAs. This suggests that in just one of these genomes the standard deviation in the rRNA

cSpacing metric could also be lower than that observed in its genomic counterparts. This
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Figure 5.6: Stem-loop cSpacing vs. G+C content. The corresponding data is presented in
Appendix A.6.

Genomic | Average | Standard
Domain | cSpacing | Deviation

CDS 62.81 21.05
NC 72.72 28.86
rRNA 44.48 1.90
tRNA 53.43 16.00

Table 5.7: Summary statistics for the average cSpacing for each genomic domain across the
G+C content spectrum. The corresponding data is presented in Appendix A.6.
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Figure 5.7: Stem-loop cSpacing vs. G+C content - tRNA values omitted. The correspond-
ing data is presented in Appendix A.6.
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Figure 5.8: Probability distribution of the cSpacing metric in B. burgdorferi, NC_001318.

is indeed seen in the probability distribution and statistics on B. burgdorferi, NC 001318,
shown in Figure 5.8 and Table 5.8.

An analysis of the results obtained for the eSpacing metric in shuffied genomic sequences

is presented in Appendix B.

5.5 Stem-loop Foot Spacing - fSpacing

The foot spacing metric (fSpacing) is measured as the average distance to the foot of
the nearest non-overlapping upstream and downstream stem-loops (Section 4.1.4). Trends
evident in the fSpacing metric are similar to those described for the cSpacing metric.
There is a remarkably low degree of fSpacing variance in the rRNA genes compared to
their counterparts. There are some important differences between these metrics, however.

Unlike cSpacing, the fSpacing rRNA plot intersects the CDS plot at roughly 50-55% G+C
content (Figure 5.9). This rRNA plot also intersects the NC plot at roughly 60% G+C
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CDS  111.04 £ 72.92
NC 134.73 + 107.06

rRNA  47.94 + 20.63

tRNA  89.45 +63.12

NC_001318 cSpacing metric

Table 5.8: Mean values for cSpacing metric in B. burgdorferi, NC_001318, which has a
global G+C content of 29%.

Genomic | Average | Standard
Domain | fSpacing | Deviation

CDS 34.84 25.30
NC 46.33 31.98
rRNA 16.39 3.16
tRNA 25.95 16.45

Table 5.9;: Summary statistics for the average fSpacing for each genomic domain across the
G+C content spectrum. The corresponding data is located in Appendix A.7.

content. A statistical summary is presented in Table 5.9.

These results suggest the cSpacing metric has an advantage over the fSpacing metric
since the TRNA c¢Spacing values do not intersect with their genomic counterparts (Fig-
ures 5.6 and 5.9). Why does this difference exist between two similar metrics? Recall,
the c¢Spacing metric includes size or length attributes while the fSpacing metric excludes
them. The bps and span metrics - both of which relate to the stem-loop size - revealed that
the average values in the rRNAs domain display a tendency to diverge from the CDS and
NC values at high G+C content levels (Figures 5.2 and 5.4). Therefore, by excluding the
length attribute, the average fSpacing metric values in the CDS and NC domains lose their
propensity to diverge from the average rRNA fSpacing value at these high G+C content
levels. This likely explains why the differences between rRNA and its counterparts decreases

to zero in the fSpacing metric but not in the ¢Spacing metric.

5.5.1 Probability Distribution - fSpacing

The probability distribution and statistics for B. burgdorferi, NC_001318, are depicted in
Figure 5.10 and Table 5.10. The variance in the rRNA genes is considerably lower than its
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Figure 5.9: Average fSpacing vs. G+C content. The corresponding data is presented in
Appendix A.7.
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Figure 5.10: Probability distribution of the fSpacing metric in B. burgdorferi, NC_001318.

counterparts - including tRNAs. This may help to explain why the degree of variance seen
in rRNA fSpacing across all 58 bacterial genomes is remarkably lower than the levels of

variance seen in their genomic counterparts (Figure 5.9).

An analysis of the results obtained for the fSpacing metric in shuffled genomic sequences

is presented in Appendix B.

5.6 Why rRNAs Outperforrn tRNAs

In these experiments, our goal is to evaluate the effectiveness of several stem-loop metrics
in identifying structural RNAs along a genomic sequence. Interestingly, the cSpacing and
fSpacing metrics perform significantly better on rRNAs than they do on tRNAs. Instinc-
tively, one is prompted to ask why? The stem-loop search parameters are the likely reason.
They were devised through cursory study of rRNA secondary structures. It seems the stem-

loops which form in tRNAs are less likely to meet these search constraints. The results lend
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CDS 89.88 £ 73.08

NC  112.74+107.37
rRNA  22.74+19.90
tRNA  65.07+62.29

NC_001318 fSpacing metric

Table 5.10: Mean values for fSpacing metric in B. burgdorferi, NC_001318, which has a
global G+C content of 29%.

support of this line of reasoning. Consider that tRNAs are typically 70 to 90 nucleotides
long [1]. Yet, the probability distribution for the fSpacing and cSpacing metrics in tRNAs
depict stem-loops which are more than 200 nucleotides apart (Figures 5.8 and 5.10). These
results may seem perplexing until one considers that tRNAs are commonly positioned side-
by-side in a genomic sequence. The presence of tandem tRNAs explains why stem-loops in
tRNA regions are sometimes divided by over 200 nucleotides. This suggests that the search

parameters are not tailored to find the stem-loops which comprise tRNA structures.

The next section describes how metrics were combined in hopes of finding a set of metrics
where the average TRNA metric is significantly divergent from its genomic counterparts

across the entire G+C content spectrum.

5.7 Combined Metric - (cSpacing x bps)

The first combined metric takes the cSpacing and bps values for each stem-loop and multi-
plies them: (cSpacz’ng X bps). The results are shown in Figure 5.11. They might be fairly
described as unsteady or mixed. On the negative side, the rRNA plot intersects multiple
times with the CDS and NC plots between 35-50% G+C content. This likely results from
the proximity of their mean values and the high standard deviations associated with them
(Table 5.11 and Appendix A.8). This is also supported by the probability distribution shown
in Figure 5.12. On a positive note, the average (cSpacing X bps) values in TRNA appear
markedly discrepant from their counterparts at approximately 50-55% global G+C. Such
a strong discrepancy at this G+C content level has not been observed in any of the other
metrics nor in the base composition method described previously. Another noteworthy fea-

ture regarding Figure 5.11 is the strong tendency for the average (cSpacing X bps) values
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Figure 5.11: Avg. (cSpacing X bps) vs. G+C content. The corresponding data is presented
in Appendix A.8.

to diverge from rRNA values in G+C rich genomes. Earlier, this same trend was noted in
the bps and span metrics (Figures 5.2 and 5.4). Although less profound, this trend was also
seen between the rRNA ¢Spacing metric and its counterparts (Figure 5.7). In retrospect, it
appears that combining these metrics amplified several trends - both positive and negative

- which were identified in their individual constituents.

Genomic Average Standard
Domain (cSpacing X bps) Deviation

CDS 591.81 231.68

NC 612.14 176.68
rRNA 437.05 70.17
tRNA 537.42 158.74

Table 5.11: Summary statistics for the average (cSpacz'ng X bps) for each genomic domain
across the G+C content spectrum. The corresponding data is presented in Appendix A.8.
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Figure 5.12: Probability distribution of the (cSpacz'ng X bps) metric in B. burgdorfert,
NC_001318.

5.7.1 Probability Distribution - (cSpacing X bps)

The probability distributions for the (cSpacing X bps) metric in B. burgdorferi, NC_001318,
cover a wide range of values (Figure 5.12). They illustrate the high degree of variance
in this metric. The statistics on B. burgdorferi are shown in Table 5.12. As with previ-

ous metrics, the degree of variance in rRNA is less than what is observed in its counterparts.

An analysis of the results obtained for the (cSpacing X bps) metric in shuffled genomic

sequences is presented in Appendix B.
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CDS 684.36 £+ 525.65
NC 1066.61 + 782.05

rRNA  438.89 + 318.80

tRNA 1069.02 £+ 1077.31

NC_001318 <cSpacing X bps) metric

Table 5.12: Mean values for <cSpacing X bps) metric in B. burgdorferi, NC_001318 which
has a global G+C content of 29%.

Genomic Average Standard
Domain ( fSpacing x bps) Deviation

CDS 266.63 121.85
NC 349.57 208.05
rRNA 150.45 22.15
tRNA 258.82 221.23

Table 5.13: Summary statistics for the average ( fSpacing x bps) for each genomic domain
across the G+C content spectrum. The corresponding data is located in Appendix A.9.

5.8 Combined Metric - (fSpacing X bps)

The final metric that was tested combines the fSpacing and the bps metrics by multiplying
them - < fSpacing x bps). The average for each of the respective genomic domains is
plotted in Figure 5.13. The results are encouraging. The lines of fit for respective genomic
domains suggest that the rRNA plot does not intersect its counterparts - CDS and NC.
However, there is one instance where the average < fSpacing % bps) in rRNA regions is
greater than the CDS and NC values. This lone culprit, NC_002935, has a G+C content
of 53% (Appendix A.9). Nonetheless, these results suggest that this combined metric may
be more apt at identifying rRNAs than either of their constituents acting alone - especially
when the global G+C content approaches 50-55% (Figures 5.2 and 5.9). In Chapter 6,
the limited benefits attained by using the < fSpacing x bps) metric over the fSpacing
metric are further documented. In addition, the degree of variance observed in the rRNA
< fSpacing x bps) values over the 58 genomes is remarkably lower than those of its genomic
counterparts (Figure 5.13 and Table 5.13).
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Figure 5.13: Average ( fSpacing x bps) vs. G+C content. The corresponding data is
presented in Appendix A.9.
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Figure 5.14: Probability distribution of the ( fSpacing x bps) metric in B. burgdorferi,
NC_001318.

5.8.1 Probability Distribution - ( fSpacing x bps)

The probability distribution and statistics for the ( fSpacing x bps) metric in B. burgdor-
feri, NC_001318, are shown in Figure 5.14 and Table 5.14, respectively. The results above
suggest that multiplying the fSpacing and bps metrics helps to amplify differences in rRNA
and its counterparts. The caveat, however, is that there is a high degree of variance in the
( fSpacing x bps) values for each genomic domains in a given sequence (Table 5.13). Inter-
estingly, the mean ( fSpacing x bps) values in rRNA over the 58 sequences in our test set

display a relatively low degree of variance.

An analysis of the results obtained for the ( fSpacing x bps) metric in shuffled genomic

sequences is presented in Appendix B.
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CDS  546.68 1 493.65

NC  725.77 £ 769.67
rRNA 176.38 4+ 182.06
tRNA 551.11 4+ 583.26

NC.001318 (fSpacing X bps) metric

Table 5.14: Mean values for (fSpacing X bps) metric in B. burgdorferi, NC_001318 which
has a global G+C content of 29%.

5.9 Variance in Stem-loop Spacing

One of the intriguing observations reported here is the remarkable stability in the cSpacing
and fSpacing metrics in rRNA genes over the genomes in our test set which, incidentally,
have a wide range of G4+C content levels. These observations support the notion that struc-
tural RNA genes conserve structural information. Remarkably, this seems to be manifested
in our admittedly simple stem-loop metrics.

It is interesting to speculate on the reasons behind the stability observed in the spacing
metrics especially given the rRNA genes are located in 58 different bacterial genomes. One
explanation is that the stability in the spacing metrics merely results from the stability in
the G+C content in the rRNA genes. However, why do these rRNA genes tend to favour a
specific base composition? This is likely related to the structural integrity provided by GC
base pairs. Importantly, research by Wang et al. indicates that regions which are unpaired
in the final RNA structure also tend to conserve base composition [64].

It is possible that rRNA transcripts favor an equilibrium of sorts. Such an equilibrium, it
is postulated, might foster an environment conducive to attaining the final RNA structure.
Presumably, an overabundance of stem-loops would increase the fraction of those which have
to be dismantled to allow certain segments to “properly” pair-up for the final structure.
This situation would seemingly impede an RNA transcript’s natural propensity to form the
intended final structure. Likewise, a resistance to forming stable stem-loops might prevent
distant segments of the transcript from coming into close proximity. This, in turn, could
create an environment unbecoming of the intended or final structure. Finding a balance
between being too resistant to folding and being overtly folded may improve the ability
of an rRNA transcript to efficiently reach its intended final structure. The consistency

observed in rRNA G+C content and in TRNA spacing metrics lend support to this theory.
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5.10 Chapter Review

Up to this point, several different stem-loop metrics have been proposed and examined.
Initially, our suspicions were that stem-loops would occur on average with higher frequency
and tend to be longer in structural RNAs when compared to their genomic counterparts.
Our suggestions, however, have only proven to be partially correct. The results attained
using the fSpacing metric suggest that stem-loops occur at a higher frequency in rRNA
domains, generally, only when the structural RNA G+C content is greater than the global
G+C content. Similarly, the average bps and span metric values of stem-loops in structural
RNAs are longer, generally, only when the structural RNA G+C content is greater than
the global G+C content. Hence, over the entire global G+C content spectrum, the bps,
span, and fSpacing metrics each present a juncture where the values observed in structural
RNAs and in their counterparts are equal. The c¢Spacing metric improves upon this in
that the average rRNA cSpacing values are less than those of their genomic counterparts
across the entire G+C content spectrum. However, when the G+C content level in rRNAs
and its counter parts is roughly equal, there is little disparity in the ¢Spacing values for
structural RNAs and their genomic counterparts. Various metrics were combined in an
effort to amplify the disparity between structural RNAs and their genomic counterparts.
This resulted in a limited degree of success.

Interestingly, the average stem-loop metric values recorded in structural RNA regions
was marked by a relatively low degree of variance in genomes across the entire G4C content
spectrum. This stability is presumably related to the resilient G+C content levels which
are characteristic of structural RNAs. It is postulated that RNA transcripts may foster an
equilibrium which is favourable to the intended RNA structure and to folding efficiently.

Chapter 6 reports the observations made when stem-loop metrics are used to locate

regions which code for rRN A genes in various genomes without the help of a sequence map.



Chapter 6

Results - Locating Ribosomal RNA

genes

This chapter extends the findings described in Chapter 5 by more closely examining the
ability of chosen stem-loop metrics to locate rRNAs along a genomic sequence. The task
in the experiments which follow is to identify TRNA genes along a genomic sequence by
using stem-loop metrics and applying a statistical hypothesis test. A brief description of
statistical inference and hypothesis testing is located in Section 4.2.2 on page 52.

There are a few key reasons for choosing to pursue rRNA genes along the sequence rather
than tRNA genes. These reasons relate to the observations recently presented in Chapter 5
and to the inherent nature of the hypothesis test. Figures 5.6, 5.9, and 5.13 suggest that the
discrepancy between the average stem-loop metrics in rRNA regions and their counterparts
(i.e. CDS and NC) is greater than the discrepancy observed between tRNAs and their
counterparts. The search parameters were tailored with rRNA genes in mind; this seems to
explain why stem-loop metrics work less well on tRNAs (Section 5.6). Also, it is common
practice to apply the CLT to sample sizes, N, of 30 or more [12]. tRNAs typically have 3—4
stem-loops in their final structure. Hence, samples which include no less than 30 adjacent
stem-loops along the sequence would presumably overshoot the boundaries of a tRNA genes
unless numerous tRNA genes occur in tandem. For these reasons, the experiments which

follow examine the ability to uncover rRNAs rather than tRNAs.
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6.1 Experimental Design

To find rRNA genes, the experiments which follow apply the average rRNA metric values
reported in Tables 5.7, 5.11, and 5.13. Essentially, samples of adjacent stem-loops are taken
along the entire length of the sequence. The mean or average metric value in these samples
is compared to the TRNA values in the aforementioned tables using the hypothesis test. If
the sample mean falls within the 95% confidence interval, the stem-loop at the center of the
sample is classified as “structural RNA”.

The first step involves finding the stem-loops along the input sequence. The average
metric value is calculated by sampling the area around each stem-loop along the sequence.
For instance, suppose the sample size is set to 51 stem-loops. The sample encompasses 25
stem-loops upstream plus 25 stem-loops downstream to the current stem-loop (25+25+1 =
51). Then, this sample mean is tested against the average TRNA metric value from one of
the aforementioned tables. When numerous adjacent stem-loops fall inside the confidence
interval this is manifested as a block of hits or “structural RNA” on the graphs which follow.

In later experiments, the sample sizes have been modified to improve the performance
of the statistical test. Granted that increases to sample size can improve the results under
some conditions, such modifications to the statistical test come with pitfalls. A larger
sample spans a larger region of the sequence. The risk is that the sampled region may be
larger than the targeted structural RNA genes. As a result, smaller structural RNAs may
be overlooked and the periphery of large structural RNAs may not be included in the “hit”.

These concepts will become more clear as the results which follow are presented.

6.2 Using the cSpacing Metric to Find rRNA Genes

What follows are several examples where the cSpacing metric is used to find TRNA genes in
the bacterial genomes. Note that the global G4C content level increases with each successive
genome. Consequently, the task in finding the rTRNA genes becomes progressively more
difficult.

In the figures which follow, the aim is to correctly classify rRNAs as “structural RNA”.
Graphically, we are looking for the “hits” (labeled “S” for candidate structural RNA) to
coincide with the positions where the rRNA genes (labeled “R”). What we are looking to

avoid is a rampant number of “hits” where TRNA genes are not located. As sequences
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with a global G+C content approaching 50% are tested, the limited effectiveness of the
stem-loop cSpacing metric emerges. This is manifested by an increasing number of false
positives. False positives are regarded as a preponderance of hits or “structural RNAs” in
the results graphs. The assumption is that structural RNAs are not likely to make-up more
than 10-15% of any given genome.

Methanococcus maripaludis 82, NC_005791, has a global G+C content of 33%. The
average G+C content in the rRNA genes is 54%. In Figure 6.1, there are two rRNA genes
which reside in the genomic segment which is presented. Recall, junctures where the average
cSpacing metric falls inside the 95% confidence interval are classified as “structural RNA”
(see the caption in Figure 6.1). The bottom graph in Figure 6.1 is noteworthy since it depicts
a sharp rise in local G+C content where the rRNAs reside. The correspondence between
the hits and the rRNAs indicates that their locations have been correctly identified.

Compared to M. maripaludis, Bacillus cereus ATCC 10987, NC_003909, has a slightly
higher global G4C content which measures 36%; the rRNA genes have an average G+C
content of 52%. Figure 6.2 shows that the statistical test successfully delineates the rRNA
genes. This is attributable to the relatively large difference in the average stem-loop spacing
between the rRNA domains and its counterparts and to the sharp difference in local G+C
content between the rRNA genes and its genomic counterparts.

Chlamydia muridarum, NC_002620, has a global G+C content of 40%; the average G+C
content in TRNA genes is 49%. The results of its analysis are depicted in Figure 6.3.
Although some false positives appear, the rRNAs are reasonably well delineated from their
counterparts.

Figure 6.4 depicts the results for Escherichia coli, NC_004431, which has a global G+C
content of 50%. The average G+C content in the rRNA genes is 53%. Similarly, Figure 6.5
depicts the results for Corynebacterium diphtheriae, NC_002935. It has a global G+C con-
tent of 53% and an average G+C content in the rRNA genes is 54%. The abundance of
false positives seen in these genomes is attributable to the proximity of the mean rRNA
cSpacing metric and the mean values of its counterparts (Table 5.6 and Figure 5.7). One
can view this problematic scenario as opposing probability distributions which overlap with
one another (Figure 6.6). Note that the sample size was increased in these genomes to nar-
row the probability distributions of the sample means. However, there is too much overlap
between the opposing domains to make this work effectively.

Recall from Figure 5.7 that as the global G+C content level surpasses roughly 54% the
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Figure 6.1: NC_005791: Methanococcus maripaludis S2 [0 .. 500,000], Sample size 51 stems;
Global G+C = 33%; Threshold setting = 95%; Metric: ¢Spacing; This graph depicts the
ability of the c¢Spacing metric to delineate rRNA genes in the bacterial genome. The top
graph depicts a map of the sequence which divides it into 4 broad categories. They include
coding sequences (C), noncoding DNA (N), tRNA (T), and rRNA (R). In addition, the
segments classified as candidate structural RNA by the statistical test are labeled “S”. An
ideal result is marked by a strong correlation between the candidate structural RNAs - i.e.
the “hits” - and the location of the rRNA genes. The bottom graphs displays variations
in G+C content along the sequence. In the interest of space, the sequences are graphed in
500,000 nucleotide segments.
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Figure 6.2: NC_003909 (Bacillus cereus ATCC 10987) [0 .. 500,000], Sample size 51 stems;
Global G+C content= 36%; Threshold setting = 95%; Metric: (cSpacing); This graph
depicts the ability of the c¢Spacing metric to delineate rRNA genes in the bacterial genome.
The top graph depicts a map of the sequence which divides it into 4 broad categories. They
include coding sequences (C), noncoding DNA (N), tRNA (T), and rRNA (R). In addition,
the segments classified as candidate structural RNA by the statistical test are labeled “S”.
An ideal result is marked by a strong correlation between the candidate structural RNAs -
i.e. the “hits” - and the location of the rRNA genes. The bottom graphs displays variations
in G+C content along the sequence. In the interest of space, the sequences are graphed in
500,000 nucleotide segments.
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Figure 6.3: NC_002620, Chlamydia muridarum, [0 .. 500,000}, Sample size 121 stems; global
G+C = 40%; Threshold setting = 95%; Metric: (cSpacing). A detailed description of the
information conveyed in these graphs can be found in Figure 6.2.
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Figure 6.4: NC_004431, Escherichia coli CFT073, [0 .. 500,000] , Sample size 501 stems;
global G+C = 50%; Threshold setting = 95%; Metric: (cSpacing). A detailed description
of the information conveyed in these graphs can be found in Figure 6.2.
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Figure 6.5: NC_002935, Corynebacterium diphtheriae, [500,000 .. 1,000,000], Sample size
301 stems; global G+C = 53%; Threshold setting = 95%; Metric: (cSpacing). A detailed
description of the information conveyed in these graphs can be found in Figure 6.2.
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Figure 6.6: Overlapping Probability Distributions of Normally Distributed sample means.
As the G+C content approaches 0.50 the population means of the ¢Spacing metric move
into close proximity. This results in overlapping probability distributions as depicted above.
Consequently, a given threshold in one probability distribution may no longer exclude sample
means which have arisen from an overlapping counterpart. More false positives emerge as
a result.

mean rRNA c¢Spacing value and that of its genomic counterparts begin to diverge. This is
manifested in the decreasing number of false positives in genomes where the global G+C
content is greater than 54%. Chlorobium tepidum, NC_002932, has a global G+C content
of 57%; its rRNA genes have an average G+C content of 52%. Notably, it has fewer false
positives than NC_002935 (Figure 6.7). Similarly, Bordetella bronchiseptica, NC_002927,
has a global G+C content of 68% compared to an average 54% G+C content level in its
rRNA genes. Its results are depicted in Figure 6.8.

6.3 Using Combined Stem-loop Metrics to Find rRNA Genes

The results presented suggest the largest hurdle to the stem-loop ¢Spacing metric occurs
when the global G+C content approaches the average G+C content found in rRNA genes
- roughly 50-54%. In Sections 5.7 and 5.8, stem-loop metrics where combined in hopes of
distancing the average rRNA metric value from the average metric values found in their
genomic counterparts. As mentioned earlier in Section 5.7, the plots resulting from these
combinations have both positive and negative aspects (Figures 5.11 and 5.13). The following

examples shed more light on the ability of these “combined” metrics to identify rRNA genes
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Figure 6.7: NC_002932, Chlorobium tepidum TLS, [0 .. 500,000], Sample size 501 stems;
global G+C = 57%; Threshold setting = 95%; Metric: (cSpacing). A detailed description
of the information conveyed in these graphs can be found in Figure 6.2.
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Figure 6.8: NC_002927, Bordetella bronchiseptica RB50, [3,500,000 .. 4,000,000, Sample
size 151 stems; global G+C = 68%; Threshold setting = 95%; Metric: (cSpacing). A
detailed description of the information conveyed in these graphs can be found in Figure 6.2.
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when there is a negligible difference between the global G4+C content and the G+C content
in TfRNA genes.

In Treponema pallidum, NC_000919, both the global G+C content and rfRNA G+C
content is 53%. Using the ( fSpacing x bps) metric, the regions which code for rRNA genes
are identified, however, there are too many false positives (Figure 6.9).

In Corynebacterium diphtheriae, NC.002935, the global G+C content is 53% and the
G+C content in the TRNA genes is 54%. The results for the (cSpacing X bps) metric are
shown in Figure 6.10. Although there are several false positives, their frequency has notably
decreased in comparison to the ¢Spacing metric analysis on the same genome (Figure 6.5).

In Salmonella typhimurium LT2, NC_003197, the global G+C content is 52%. The rRNA
genes have an average G+C content of 54%. The (cSpacing X bps) identifies the rRNA
genes yet too many false positives are present (Figure 6.11).

In Chlorobium tepidum TLS, NC_002932, the global G4+C content is 57%; the G+C
content in the rRNA genes is 52%. The (cSpacing X bps) metric identifies the rRNA
genes in the segment depicted (Figure 6.12). The results are encouraging, however, several
false positives persist. It appears that the difference in G+C content levels has helped to
reduce the false positive frequency. A similar situation emerges in Bifidobacterium longum,
NC_002939. The global G+C content is 61%; the average G+C content in the rRNA genes
is 55% (Figure 6.13). The (cSpacing X bps) metric locates the TRNA genes with fewer false
positives in comparison to previous examples.

The results clearly document that negligible differences in global G+C content and rRNA
G+C content tend to obscure rRNA genes. This is problematic for our stem-loop metric
approach and for the base composition method. However, the results presented for the stem-
loop method are quite encouraging - especially considering it is in its infancy. When the
difference between the global G+C content and the TRNA G+C content is merely 1-2%, the
(cSpacz'ng X bps) metric correctly - in large part - eliminates roughly half of the sequence
as being rRNA material (Figures 6.10 and 6.11). It seems unlikely that strictly adhering
to a base composition method could accomplish this feat. A direct comparison would be

helpful in lending support to this suggestion.
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Figure 6.9: NC_000919, Treponema pallidum, [0 .. 500,000], Sample size 501 stems; global
G+C = 53%; Threshold setting = 95% (2-sided test). Metric: ( fSpacing x bps). A detailed
description of the information conveyed in these graphs can be found in Figure 6.2.
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Figure 6.10: NC_002935, Corynebacterium diphtheriae, [500,000 .. 1,000,000], Sample size
601 sterns; global G+C = 53%; Threshold setting = 95% (2-sided test). Metric: (cSpacingx

bps). A detailed description of the information conveyed in these graphs can be found in
Figure 6.2.
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Figure 6.11: NC.003197, Salmonella typhimurium LT2 , [0 .. 500,000], Sample size 301
stems; global G+C = 52%; Threshold setting = 95% (2-sided test); Metric: (cSpacing X

bps). A detailed description of the information conveyed in these graphs can be found in
Figure 6.2.
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Figure 6.12: NC_002932, Chlorobium tepidum TLS, [0 .. 500,000], Sample size 251 stems;
global G+C = 57%; Threshold setting = 95%; Metric: (cSpacing X bps). A detailed
description of the information conveyed in these graphs can be found in Figure 6.2.
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Figure 6.13: NC_002939, Geobacter sulfurreducens PCA, [500,000 .. 1,000,000], Sample size
201 stems; global G+C = 61%; Threshold setting = 95% (2-sided test); Metric: (cSpacz'ng X

bps). A detailed description of the information conveyed in these graphs can be found in
Figure 6.2.
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6.4 Chapter Review

Several stem-loop metrics were tested on 58 different bacterial genomes. The search pa-
rameters were tailored to rRNA secondary structures. As a result, the metrics were more
studied for their ability to identify rRNA genes rather than tRNA genes.

The results indicate that the most difficult hurdle in identifying rRNA genes occurs
when there is a negligible difference between global G+C content and rRNA G+C content.
Stem-loop metrics were combined in an effort to overcome this hurdle. This was met with
limited success. In many cases, a high incidence of false positives could not be overcome.
Nonetheless, in sequences where the difference in G+C content levels between rRNA genes
and their counterparts is 1-2%, this approach eliminates roughly half of the genome as
structural RNA material with a promising degree of accuracy. The results reported here
are encouraging especially considering this stem-loop based approach is one which has not
been studied before.

Chapter 7 presents a number of possible avenues to proceed with further research.



Chapter 7
Suggestions for Future Research

Our observations show that stem-loop metrics can be used to identify rRNA genes across a
wide range of G+C content levels. They also point to some of the key hurdles which need
to be overcome. Nonetheless, the results suggest further study is warranted. This chapter

presents some possible directions for future research.

7.1 Improve Accuracy

The stem-loop finding algorithm could be improved to include all the stem-loops which meet
the search parameters. The current implementation does not store all of the qualifying
stem-loops. One culprit is the SelectiPathFrom2 which is described in Section 3.4 on
page 31. Inherently, this function discards variants of stems which meet the parameters but
are tossed aside in favour of larger runs of consecutive base pairs. It would be prudent to
keep all stem-loops which meet the search parameters. This would presumably improve the

ability to identify stem-loops which are observed in secondary structure diagrams.

7.2 Improve Efficiency

Refinements could be made to improve the efficiency of the search algorithm. This includes
eliminating redundancy in exploring the search space where bulges and internal loops are
identified. Currently, the algorithm looks for a stretch of base pairs starting from each of
the cells in the table depicted in Figure 3.21. The algorithm moves through the table from
left to right and top to bottom finding stretches of base pairs along the way. When the

99
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algorithm shifts down to a lower row, it diligently considers every possible cell to look for
a stretch of base pairs. Suppose a path of adjacent base pairs has already been located
starting from a higher row in the table. In this situation, the algorithm (working through
a lower row of cells) may unnecessarily evaluate previously discovered base pairs along a
given diagonal (or path). This redundancy can be addressed by applying a map to indicate
which cells have already been checked. Alternatively, this search space could be examined

by using dynamic programming.

7.3 Parameter Optimization

Earlier, the ramifications of using search parameters tailored to rRNA genes were discussed.
It would be interesting to explore how varying the search parameters affects the results.
For illustration, the minimum GC base pair constraint and the maximum GU base pair
constraint were eliminated (Table 3.2). Hence, the minimum fraction of GC base pairs is
> 0.0 and the maximum fraction of GU base pairs is < 1.0. The results for the bps, cSpacing,
and fSpacing metrics under these new constraints are shown in Figures 7.1, 7.2, and 7.3
respectively. Generally, the average spacing in rRNA and tRNAs is less than their genomic
counterparts. However, the discrepancy between rRNAs and their genomic counterparts
appears less than seen earlier under the initial set of search parameters. Hence, it seems the
averages are not sufficiently distinct to identify rRNA genes without being overrun by false

positives. Nonetheless, experimentation with various search parameters could be fruitful.

7.4 Improve Portfolio of Stem-loop Metrics

More study is required to devise new and improved stem-loop metrics which better distin-
guish rRNAs from their genomic counterparts. As mentioned previously, a stem-loop metric
which is characterized by a low degree of variance in rRNA genes is advantageous. These
advantages would be further extended if a set of stem-loop metrics were stable through not
only rRNA genes but also through other unrelated structural RNA genes. This could help
to uncover more intriguing structural RNA genes such as XIST and HI19.

Also, it would be interesting to study improvements garnered by adopting motif se-

quences found in tetra-loops into the search engine.
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Figure 7.1: The average bps vs. G+C content when the minimum GC base pair content is
set to 0.0% and the maximum GU base pair content is set to 1.0. The corresponding data

is located in Appendix A.10.
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Figure 7.2: The average cSpacing vs. G+C content when the minimum GC base pair content
is set to 0.0% and the maximum GU base pair content is set to 1.0. The corresponding data
is located in Appendix A.11.
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Figure 7.3: The average fSpacing vs. G+C content when the minimum GC base pair con-
tent is set to 0.0% and the maximum GU base pair content is set to 1.0. The corresponding
data is located in Appendix A.12.
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7.5 Analyze Both Strands

The current implementation of the search algorithm scans only 1 strand of the double-
stranded DNA sequence. However, all the CDS, NC, rRNAs, and tRNAs are not necessarily
located on this strand. Given this entire body of work is based on average valuations, it
was assumed that the difference between the 2 strands would not be sufficient to invalidate
our results. It is important to keep in mind that CDS and NC domains change from one
sequence to the next. Likewise, rRNAs of various size of all pooled together to tabulate
the average TRNA metric value. Hence, there is an inherent lack of precision when working
with averages. Our interest is not in the absolute values for each of the respective genomic
domains but more in the differences between them.

A more accurate and precise definition of the annotated genomes can be attained with
the use of two 1-dimensional maps (i.e. 1 for each strand). It is anticipated the precision
provided by such a map would not overcome the shortcomings of the stem-loop metrics.

However, the results of such experiments would be interesting.

7.6 Collaborate With Wet Laboratory

Lastly, it would be interesting to pair-up with a wet lab to determine whether some of the

“hits” uncovered by using stem-loops metrics are indeed novel structural RNA genes.

7.7 Chapter Review

A number of possible avenues for future efforts have been proposed. One of the key hurdles
to overcome is compromised effectiveness of stem-loop metrics when the base composition

in structural RNAs and their genomic counterparts is essentially uniform.



Chapter 8

Conclusion

This research project has introduced and examined a novel approach to locate regions which
code for structural RNA genes along a genomic sequence. This approach is founded on the
stem-loop - a recurrent substructure or component universally found in naturally occurring
RNA secondary structures. The objective of this project was to study whether stem-loops
could be useful in finding structural RNA genes. To meet this objective a multitude of
programs and scripts had to be designed and implemented.

The primary algorithm searches a nucleotide sequence for stem-loops. Importantly, a set
of search parameters was devised to identify stem-loops similar to those found in rRNA sec-
ondary structures. As the algorithm was being tested, 2 performance related issues emerged.
First, the program, which was initially implemented in Python, took approximately 7 min-
utes to scan a 108 nucleotide sequence with a Intel Pentium 4© 26 GHz processor. To
overcome this limitation, the algorithm was implemented in C++. As a result, the time to
scan 10® nucleotide had been reduced to about 6 seconds.

Further testing revealed that the C++ implementation would virtually grind to a halt
on sequences longer than roughly 8 x 108 nucleotides. The problem, it turned out, was
memory related; the program was consuming all 1.4 GB of RAM memory and the 500
MB of disk swap too. This problem was rectified by dynamically monitoring the memory
consumption and disposing of data which was no longer needed as the algorithm continued
along the sequence. As a result, the C++ implementation typically uses less that 300 MB
of RAM and the CPU runs at virtually full capacity though the duration of the scan. At

this juncture, a program required to scan numerous genomic sequences was in place.
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To study the efficacy of stem-loops in pursuing structural RNA genes, a number of stem-
loop metrics were devised. With the help of annotated sequences downloaded from the NCBI
public databases, the average values for these metrics could be calculated over the various
genomic domains along the sequences. These domains include protein-coding sequences
(CDS), non-coding DNA (NC), rRNAs, and tRNAs. The goal was to determine whether
the average metric values in these genomic regions were significantly discrepant. Significant
differences in these averages would suggest regions of interest could be delineated along a
genomic sequence. In scanning each of the annotated genomes, the average stem-loop metric
for each of the respective genomic domains was recorded.

A total of 58 bacterial genomes were arbitrarily selected. They represented a diversity
of global G+C content levels ranging from 25% to 68%. After scanning each of the genomes,
the data was analyzed for trends related to changes in global G+C content. This was done
with the use of graphs. In doing so, each metric had its own graph. The global G+C
content was plotted along the x-axis, the metric value was plotted along the y-axis. The
metric values recorded in the CDS, NC, rRNA, and tRNA domains for each genome are
positioned vertically to one another since they are all derived from a single genome with a
single global G+C content value. The vertical distance between the metric values for the
various genomic domains provides an indication of how discrepant they are at a given global
G+C content level. This allowed us to study how changes in global G+C content levels
affect the metric values. Importantly, it also revealed how discrepant the structural RNAs
are from their genomic counterparts in terms of stem-loop metrics. Our goal was to find a
set of stem-loop metrics where the average value in the structural RNAs differ significantly
from their genomic counterparts across the entire G+C content spectrum.

Several stem-loop metrics were evaluated. They included: bps, span, cSpacing, and
fSpacing. The search parameters were devised to target stem-loops occurring in rRNA
structures. This was manifested in the results. The stem-loop metrics were more apt
at distinguishing rRNA genes than tRNA genes. Neither the bps nor the span metric
appeared capable of distinguishing rRNAs from their genomic counterparts. The ¢Spacing
and fSpacing metrics showed more promise. However, when global G+C content and
rRNA G+C content is roughly equivalent, there is little disparity in their spacing metric
values. This did not bode well for distinguishing structural RNAs from their genomic
counterparts. In an effort to overcome this obstacle, combined metrics were devised. They

include: ( fSpacing x bps) and (cSpacing X bps). There was a slight improvement in the
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results. However, the discrepancy between the TRNA domain values and those of their
counterparts was not consistently significant.

The final set of experiments more closely examined the ability of stem-loop metrics to
identify structural RNAs occurring along a genomic sequence. The question at this juncture
was: Given the average stem-loop metric value in the rRNA genes, can they be identified
without referring to a sequence map? The cSpacing metric successfully identified rRNA
genes in genomic sequences with less than roughly 42% global G+C content and more than
roughly 62% global G+C content. The fSpacing metric performed well in genomes with
less than roughly 42% global G+C content. The previous experiments foreshadowed this
outcome. These metrics are not able to adequately delineate TRNA genes when their base
composition and that of their genomic counterparts is essentially uniform. There was a
small improvement when metrics were combined. In some sequences where G+C content is
fairly uniform, the (cSpacing X bps) metric correctly cast aside roughly half of the genome.
More study is required to find a set of metrics that performs well across the entire G+C
content spectrum.

In several bacterial genomes which span several millions of nucleotides, this novel ap-
proach accurately identifies TRNAs. Hopefully, this stem-loop centered approach will mature

to find not only rRNA genes but to find previously undiscovered structural RNAs as well.
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‘This data represents the number of tetra-loop found along rand generated nucleotide seq 100,000 nucleotides long.
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Figure A.1: These results document the number of tetra-loops found along random sequences
10° nucleotides long using the basic stem-loop search algorithm.

A.1 Test of Initial Stem-loop Search Results

Refer to the spreadsheet presented in Figure A.1.
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A.2 Stem-loop Probabilities

P(G+C) | P(A+U) | P(tetra-loop)
0.00 1.00 0.0625
0.05 0.95 0.0514
0.10 0.90 0.0429
0.15 0.85 0.0362
0.20 0.80 0.0311
0.25 0.75 0.0272
0.30 0.70 0.0243
0.35 0.65 0.0223
0.40 0.60 0.0209
0.45 0.55 0.0200
0.50 0.50 0.0198
0.55 0.45 0.0200
0.60 0.40 0.0209
0.65 0.35 0.0223
0.70 0.30 0.0243
0.75 0.25 0.0272
0.80 0.20 0.0311
0.85 0.15 0.0362
0.90 0.10 0.0429
0.95 0.05 0.0514
1.00 0.00 0.0625

116

Table A.1l: These probabilites were calculated for tetra-loops with 4 base pairs in the

stem. No unpaired or mismatched nucleotides were permitted. These values where

calculated by using a short program implemented in Python. The algorithm is described

in Section 1.4.2. The goal is to convey the shifting stem-loop probabilities which emerge

as G+C content levels drift. This data is plotted in Figure 1.6.
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Accession | Global CDS NC rRNA tRNA

Number | G4C G+C G+C G+-C G+C

NC_002162 0.25 0.26 + 0.05 | 0.18 = 0.06 | 0.45 + 0.04 | 0.53 = 0.16
NC_002528 0.26 | 0.27 +£0.05 | 0.16 £ 0.07 | 0.48 &+ 0.06 | 0.54 + 0.23
NC.001318 0.29 0.29 + 0.05 { 0.22 £ 0.05 | 0.45 + 0.04 | 0.43 + 0.09
NC_003366 | 0.29 | 0.29 +£0.04 | 0.21 &+ 0.05 { 0.52 & 0.04 | 0.56 + 0.14
NC_004557 0.29 0.29 + 0.04 | 0.25 + 0.05 | 0.51 + 0.04 | 0.56 + 0.15
NC.000909 | 0.31 0.32 + 0.05 | 0.25 £+ 0.07 | 0.64 & 0.03 | 0.63 £ 0.19
NC_003030 0.31 0.32 £0.04 | 0.25 £ 0.05 | 0.50 = 0.05 | 0.55 £+ 0.12
NC_003103 | 0.32 |0.33+0.05 | 0.30 +£0.06 | 0.49 + 0.05 | 0.56 + 0.19
NC_ 003106 | 0.33 |0.34 +0.04}0.29 + 0.06 | 0.64 + 0.04 | 0.69 + 0.28
NC_003923 0.33 0.34 +0.04 | 0.28 + 0.05 | 0.51 + 0.04 | 0.59 + 0.14
NC_005791 0.33 | 0.34 +0.05 | 0.23 + 0.07 | 0.54 + 0.05 | 0.60 £ 0.21
NC003997 { 035 {0.36 +£0.04 | 0.31 £ 0.05 | 0.53 £0.04 | 0.59 £ 0.10
NC 004722 | 0.35 | 0.36 & 0.04 | 0.31 &+ 0.05 | 0.53 4 0.04 | 0.59 £ 0.10
NC_003909 0.36 0.36 £ 0.05 | 0.33 £ 0.05 | 0.52 + 0.04 }{ 0.52 £+ 0.07
NC.004368 | 0.36 | 0.36 + 0.04 | 0.29 & 0.05 | 0.50 &+ 0.04 | 0.56 + 0.10
NC_003212 0.37 0.38 + 0.04 | 0.32 £ 0.05 | 0.53 £ 0.04 | 0.58 + 0.12
NC_004350 | 0.37 | 0.37 +£0.05 | 0.31 + 0.05 | 0.52 £+ 0.03 | 0.56 + 0.11
NC_000907 | 0.38 {0.39+0.04 | 0.34 + 0.05 | 0.50 + 0.04 | 0.47 + 0.07
NC_002940 | 0.38 | 0.39+0.04 | 0.33 £ 0.06 | 0.51 £+ 0.04 | 0.58 &+ 0.16
NC.003210 0.38 0.38 +£0.04 | 0.32 +£ 0.05 | 0.53 = 0.04 | 0.58 &+ 0.12
NC_003869 0.38 | 0.38+0.05{0.34 +0.06 | 0.59 & 0.03 | 0.60 & 0.14
NC_004668 | 0.38 | 0.38+0.05 | 0.33 +£0.06 | 0.52 + 0.04 | 0.55 £ 0.11
NC_002737 | 0.39 |[0.39+0.04 | 0.33 &+ 0.05 | 0.51 & 0.04 | 0.56 &+ 0.11
NC_000912 | 0.40 | 0.41 +0.05| 0.33 +0.08 | 0.46 + 0.03 | 0.52 £+ 0.10
NC_002620 { 0.40 {0.41 +0.03 ] 0.36 + 0.05 | 0.49 £+ 0.04 | 0.51 £ 0.09
NC_002689 | 0.40 | 0.41+0.05|0.32+0.06 | 0.54 +£ 0.04 | 0.60 + 0.19
NC_000922 041 0.41 £ 0.04 | 0.34 +£ 0.06 | 0.47 = 0.05 | 0.55 =+ 0.14

Continues on next page.
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A.3 Local G4C Content Levels Across Genomic Domains
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APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES

Accession | Global CDS NC rRNA tRNA

Number G+C G+C G+C G+C G+C

NC_002179 0.41 0.41 £ 0.04 | 0.35 £ 0.06 | 0.47 £+ 0.04 | 0.46 £ 0.06
NC_003901 0.41 0.44 £0.06 | 0.33 £ 0.06 | 0.54 + 0.04 | 0.60 = 0.18
NC_005043 0.41 0.41 £ 0.04 | 0.33 £ 0.06 | 0.47 £ 0.05 | 0.54 £ 0.13
NC_000918 0.43 0.44 £ 0.05 | 0.37 £ 0.06 | 0.65 £ 0.03 | 0.68 £ 0.19
NC_004663 0.43 0.44 +0.06 | 0.33 £ 0.06 | 0.50 £ 0.03 | 0.55 = 0.13
NC_000964 0.44 0.44 £ 0.05 | 0.37 £ 0.06 | 0.54 £ 0.03 | 0.58 £ 0.10
NC.000853 0.46 0.46 £ 0.04 | 0.42 £ 0.06 | 0.63 + 0.03 | 0.65 + 0.14
NC_003143 0.48 0.49 £ 0.06 | 0.41 £ 0.07 | 0.51 £ 0.05 | 0.58 + 0.11
NC_004088 0.48 0.49 + 0.06 | 0.41 £ 0.07 | 0.53 £ 0.02 | 0.58 £ 0.11
NC_000917 0.49 0.49 £ 0.05 | 0.39 £ 0.07 | 0.62 £ 0.11 | 0.68 &+ 0.19
NC_000916 0.50 0.51 £ 0.05 | 0.38 £ 0.07 | 0.57 £ 0.03 | 0.62 £ 0.13
NC_004431 0.50 0.51 + 0.06 | 0.46 + 0.08 | 0.53 £+ 0.03 | 0.48 &+ 0.05
NC_000913 0.51 0.52 £ 0.05 | 0.43 £ 0.07 } 0.54 £ 0.03 | 0.59 £ 0.09
NC_002695 0.51 0.52 £ 0.06 | 0.43 £ 0.08 | 0.54 + 0.03 | 0.59 &+ 0.09
NC_004741 0.51 0.52 +£ 0.05 | 0.46 & 0.07 | 0.54 £+ 0.03 | 0.54 £ 0.04
NC_003197 0.52 0.53 £ 0.06 | 0.44 + 0.08 | 0.54 £ 0.03 | 0.58 £ 0.08
NC_003198 0.52 0.53 £ 0.06 | 0.43 + 0.07 | 0.54 £ 0.03 | 0.59 &+ 0.09
NC_004556 0.52 0.53 £ 0.05 | 0.47 + 0.08 | 0.53 +£ 0.03 | 0.60 + 0.11
NC_000919 0.53 0.53 £ 0.05 { 0.54 £ 0.05 | 0.53 £ 0.03 | 0.57 + 0.05
NC_002488 0.53 0.54 £ 0.06 | 0.47 £ 0.08 | 0.53 £ 0.03 | 0.59 £ 0.11
NC_002935 0.53 0.54 £ 0.05 [ 0.47 £ 0.05 | 0.54 £ 0.03 | 0.59 & 0.08
NC_.002932 0.57 0.58 £ 0.06 | 0.47 £ 0.07 | 0.52 £ 0.03 | 0.56 + 0.07
NC_004307 0.60 0.61 £+ 0.05 |} 0.55 + 0.06 | 0.60 = 0.03 | 0.59 &+ 0.06
NC_002939 0.61 0.62 £ 0.06 | 0.55 £ 0.07 { 0.55 = 0.03 | 0.60 £ 0.08
NC_004369 0.63 0.64 £ 0.05 | 0.57 £ 0.06 | 0.55 £ 0.03 | 0.60 £ 0.05
NC_003919 0.65 0.65 + 0.04 | 0.62 & 0.06 | 0.54 £+ 0.02 | 0.61 £+ 0.05
NC_005085 0.65 0.66 £+ 0.06 | 0.58 + 0.08 | 0.54 =+ 0.02 | 0.59 &+ 0.06
NC_002696 0.67 0.68 £ 0.04 | 0.62 £ 0.05 | 0.55 = 0.03 | 0.61 &+ 0.03

Continues on next page.
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Accession | Global CDS NC rRNA tRNA
Number | G+C G+C G4+C G+C G+C
NC_002927 0.68 0.69 + 0.05 | 0.63 £ 0.07 | 0.54 £+ 0.03 { 0.60 £ 0.05
NC_002928 0.68 0.69 + 0.05 | 0.63 & 0.07 | 0.54 &+ 0.03 | 0.60 £ 0.04
NC_002929 0.68 0.68 + 0.05 | 0.62 &+ 0.07 | 0.54 £ 0.03 | 0.60+ 0.05
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Table A.2: This table presents the average Local G+C content values and their standard
deviations in the various genomic domains of the genomes in our test set. The values

in this table are graphed in Figure 5.1 on page 58.

A.4 Average bps Across Genomic Domains

Accession | Global CDS NC rRNA tRNA
Number | G+C bps bps bps bps
NC_002162 0.25 6.04 £ 2.05 6.99 £ 2.78 | 7.20 £ 3.06 | 8.94 + 4.92
NC_002528 0.26 6.06 £ 2.11 6.69 £ 2.58 | 891 + 447 | 8.07 £+ 3.72
NC_001318 0.29 6.17 & 2.21 6.58 + 3.06 7.88 + 3.52 | 8.25 + 3.99
NC_003366 0.29 6.11 &+ 2.48 718 +£3.19 | 9.00 £ 445 | 9.18 £ 4.72
NC._004557 0.29 6.11 £ 2.21 7.13 £+ 3.42 9.19+ 499 | 8.87 &+ 5.33
NC_000909 0.31 6.26 + 2.37 7.57 + 3.87 13.1 + 8.36 | 10.95 + 5.69
NC_003030 0.31 6.19 £ 2.25 6.97 £+ 3.26 8.62 + 4.19 | 8.71 + 441
NC_003103 0.32 6.66 + 2.78 7.34 £+ 3.85 8.83 £ 5.04 | 8.78 &+ 4.89
NC_003106 0.33 6.45 + 2.61 6.72 + 3.38 13.2 £ 8.66 | 10.28 X 4.86
NC_003923 0.33 6.51 + 2.52 7.56 £ 4.00 8.58 +£4.23 | 9.40 £+ 6.05
NC_005791 0.33 6.57 £ 2.60 6.28 £ 264 |10.38 +6.17 | 9.88 + 4.90
NC.003997 0.35 6.80 £ 2.89 7.28 +3.57 | 8.92+484 | 9.14 £ 5.15
NC_004722 0.35 6.84 + 3.49 7.39 £ 3.75 8.84 +4.80 | 8.99 £+ 4.79
NC_003909 0.36 7.09 £ 5.45 7.30 £ 6.01 8.94 £4.88 | 8.91 +£4.99
NC_004368 0.36 6.75 £ 2.80 7.08 +3.16 | 8.80 £4.77 | 8.04 £ 4.42
NC.003212 0.37 7.08 £ 3.14 749 £ 3.62 | 9.23 £ 4.87 | 932 £ 5.17

Continues on next page.



Average bps continued. . .

APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES

120

Accession | Global CDS NC rRNA tRNA
Number G4C bps bps bps bps
NC_004350 0.37 7.03 + 3.12 703+ 329 | 894 +£475 | 852+ 4.10
NC_000907 0.38 7.28 + 3.31 7.35 + 357 | 882+ 461 | 889 + 4.37
NC_002940 0.38 7.31 + 3.48 7.44 + 3.62 837+ 401 | 9.19 +£ 4.90
NC_003210 0.38 7.20 + 3.31 7.54 + 3.74 9.24 +4.90 | 9.37 + 5.26
NC_003869 0.38 7.01 + 3.37 782 + 424 | 10.97 £ 6.66 | 9.90 £ 5.16
NC_004668 0.38 7.27 £ 3.46 7.86 + 4.36 9.06 + 4.80 | 8.26 + 4.20
NC_002737 0.39 7.22 £ 3.30 7.12 £ 3.38 8.73 £ 4.70 | 841 £+ 4.52
NC_000912 0.40 7.98 + 4.48 8.13 £ 5.15 724 + 3.11 | 8.38 £ 4.12
NC_002620 0.40 7.15 + 3.20 7.18 £ 3.36 8.03 £3.80 | 9.40 £+ 5.06
NC_002689 0.40 7.40 + 3.46 6.78 £ 3.21 | 10.07 £ 6.37 | 10.10 £+ 5.38
NC_000922 0.41 7.36 + 3.42 7.04 + 3.19 793 £3.65 | 829 £ 4.13
NC_002179 0.41 7.34 + 3.42 7.22 +£ 3.20 8.80 +4.77 | 822+ 3.84
NC_003901 041 8.28 + 4.42 7.17 £ 344 | 10.52 £ 6.10 | 10.15 £+ 5.17
NC_005043 0.41 7.35 £ 341 7.02 + 3.23 7.88 £ 3.62 | 8.29 £+ 4.12
NC.000918 0.43 7.77 £ 3.87 743 £3.76 | 13.56 £ 9.12 | 11.32 + 6.77
NC_004663 0.43 8.37 + 4.65 8.32 &+ 5.15 8.75 £ 4.40 | 8.11 £+ 3.78
NC_000964 0.44 8.45 + 4.57 7.78 £ 3.90 9.27 £ 5.18 | 9.00 £ 4.41
NC_000853 0.46 8.18 + 4.33 803 +£4.31 |11.99 £ 7.48 | 10.91 £+ 6.40
NC_003143 0.48 9.68 £ 6.02 8.22 + 4.49 9.49 £ 5.32 | 9.09 + 4.94
NC_004088 0.48 9.67 £ 6.07 8.46 £+ 4.73 9.73 £ 5.36 | 8.72 + 4.92
NC._000917 0.49 8.86 + 5.01 8.60 = 5.13 | 10.67 £ 7.65 | 11.02 £ 4.86
NC_000916 0.50 9.72 + 5.94 7.98 + 4.55 9.58 £ 5.58 | 11.19 + 6.73
NC_004431 0.50 10.61 + 6.89 9.87 + 6.43 9.290 + 4.92 | 8.58 + 4.27
NC_000913 0.51 10.76 £ 706 | 9.32 £ 6.27 | 9.31 £ 4.85 | 9.27 £ 5.04
NC_002695 0.51 10.78 + 7.13 9.34 £+ 6.31 9.27 +£ 468 | 9.48 £+ 5.44
NC_004741 0.51 10.69 £ 6.91 9.73 £ 6.15 9.63 £ 5.62 | 9.87 + 5.79
NC_003197 0.52 11.40 + 7.81 9.70 £ 6.52 | 9.43 £ 4.78 | 9.06 £ 4.68
NC_003198 0.52 11.29 + 7.67 9.09 £+ 5.41 9.68 £ 5.34 | 9.37 £ 4.95

Continues on next page.
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Accession | Global CDS NC rRNA tRNA
Number | G+C bps bps bps bps
NC_004556 0.52 11.06 + 7.75 9.33 + 6.02 8.72 + 4.77 | 9.70 £ 5.28
NC_000919 0.53 1052+ 7.08 | 109+ 747 | 846 +£391 | 1233 +9.31
NC_002488 0.53 11.36 + 8.74 9.75 + 6.94 8.66 + 4.74 | 9.72 £ 5.30
NC_002935 0.53 11.43 £ 8.17 | 9.81 £6.46 | 9.88 + 6.06 | 10.29 + 6.23
NC_002932 0.57 13.75 £ 10.34 | 10.52 £7.31 | 9.16 £ 4.96 | 9.25 £+ 5.27
NC_004307 0.60 15.40 £ 12,15 { 13.29 + 10.62 | 11.14 £ 7.10 | 10.06 £ 6.21
NC.002939 | 0.61 14.06 + 10.38 | 11.88 + 8.58 | 9.32 £ 4.81 | 9.92 + 5.54
NC_004369 | 0.63 15.69 £ 12.11 | 12.69 £ 9.13 | 9.46 + 5.73 | 11.33 + 7.15
NC_003919 0.65 18.41 £+ 14.99 | 16.68 + 13.51 | 10.34 £+ 6.23 | 10.54 + 6.11
NC.005085 0.65 17.83 + 14.65 | 14.30 & 11.40 | 9.15 + 4.82 | 10.16 + 5.65
NC_002696 0.67 18.55 + 14.69 | 15.11 £+ 11.91 | 10.64 £+ 7.17 | 11.81 + 8.67
NC_002927 | 0.68 19.40 + 15.96 | 15.19 + 11.95 | 9.70 £ 5.39 | 9.85 £ 6.16
NC_002928 0.68 19.32 + 15.88 | 15.19 = 11.89 | 9.38 £ 5.06 | 9.97 £ 6.20
NC_002929 | 0.68 19.41 £+ 15.88 | 15.01 + 11.49 | 9.69 £+ 5.36 | 10.79 & 7.32

Table A.3: This table presents the average bps values and their standard deviations

measured in the various genomic domains of the genomes in our test set. The search

parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The values in this table are graphed in Figures 5.2 and B.1 on

pages 59 and 144, respectively.
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A.5 Average span Across Genomic Domains

Accession | Global CDS NC rRNA tRNA
Number G+C span span span span
NC_002162 0.25 22.27 £ 7.01 23.5 £ 7.48 | 26.35 + 10.22 | 31.47 £ 15.21
NC_002528 0.26 2247 £ 7.3 23.28 £ 7.34 | 31.66 = 13.89 | 29.24 £ 12.38
NC_001318 0.29 22.84 £ 7.58 | 23.97 £ 9.72 | 28.32 £ 11.79 | 29.82 + 13.37
NC_003366 0.29 22.63 + 8.46 24.21 £ 84 | 32.02 & 14.77 | 31.98 £+ 14.90
NC_004557 0.29 22.65 £ 7.53 | 24.38 £ 9.17 | 32.45 £ 16.03 | 31.25 £ 16.5
NC_000909 0.31 23.23 £ 798 | 26.52 £ 11.92 | 44.98 £+ 26.81 | 38.03 £+ 18.07
NC.003030 0.31 23.03 £ 7.65 | 23.98 + 8.69 | 30.83 £ 13.48 | 31.19 £+ 14.00
NC_003103 0.32 24.69 £ 9.14 | 26.12 + 11.42 | 31.74 + 16.23 | 31.3 + 16.15
NC_003106 0.33 23.81 + 8.67 | 24.46 + 10.57 | 45.35 4+ 27.44 | 35.89 + 15.29
NC_003923 0.33 23.96 + 8.42 | 25.97 4+ 11.42 | 30.69 + 13.71 | 33.17 &+ 19.68
NC_005791 0.33 24.21 £+ 8.63 | 22.77 £ 8.72 | 36.13 £+ 18.99 | 34.22 + 15.04
NC_003997 0.35 24.97 £ 9.45 | 25.11 £ 9.59 | 32.07 &+ 16.08 | 32.35 £ 16.86
NC.004722 0.35 25.11 £ 11.71 | 25.52 £+ 10.29 | 31.76 £ 15.94 | 31.88 + 15.62
NC_003909 0.36 25.69 £ 15.80 | 25.95 £ 16.75 | 32.1 £+ 16.21 | 31.76 + 16.42
NC_004368 0.36 24.72 £ 9.17 | 24.34 £+ 8.58 | 31.61 £+ 15.89 | 29.36 £+ 14.92
NC_003212 0.37 26.15 £+ 10.29 | 25.70 + 9.53 | 32.76 £ 15.75 | 32.79 &+ 16.37
NC_004350 0.37 25.71 + 10.13 | 24.75 £ 9.64 | 31.85 £ 15.23 | 30.54 + 13.61
NC_000907 0.38 26.50 £ 10.72 | 26.04 + 10.85 | 31.68 £+ 14.83 | 31.28 + 14.39
NC_002940 0.38 26.67 + 11.33 | 26.35 £+ 11.15 | 30.23 £+ 13.01 | 32.37 + 15.95
NC_003210 0.38 26.51 + 10.88 | 25.70 &+ 9.69 | 32.78 £+ 15.83 | 32.97 + 16.64
NC_003869 0.38 25.67 + 10.88 | 27.39 £+ 12.90 | 38.37 £ 21.54 | 34.59 £ 16.50
NC.004668 0.38 26.47 + 11.22 } 26.84 + 11.83 | 32.36 £+ 15.87 | 29.5 &+ 14.00
NC_002737 0.39 26.21 £+ 10.61 | 25.16 £+ 10.04 | 31.08 £ 15.42 | 30.57 4+ 15.20
NC_000912 0.40 28.58 + 14.20 | 28.74 £ 16.09 | 26.66 £ 10.10 | 29.57 + 13.56
NC_002620 0.40 2591 £+ 10.31 | 2545 + 10.15 | 29.43 £+ 12.72 | 32.96 £+ 15.72
NC_002689 0.40 27.05 £ 11.26 | 24.91 £+ 10.43 | 35.2 &£ 19.16 | 35.14 + 17.62
NC_000922 0.41 26.61 = 10.94 | 25.18 + 9.68 | 28.66 £+ 11.96 | 29.33 £+ 12.91

Continues on next page.
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Average span continued. ..
Accession | Global CDS NC rRNA tRNA
Number G+C span span span span
NC_002179 0.41 26.53 + 10.94 | 25.74 + 9.86 | 31.79 + 15.89 | 28.98 + 12.32
NC_003901 0.41 29.84 + 14.16 | 25.98 + 10.91 | 36.89 £+ 19.57 | 35.09 + 16.06
NC_005043 041 26.59 £ 10.91 | 25.03 £ 9.75 | 28.46 + 11.83 | 29.32 + 12.89
NC_000918 0.43 28.07 £ 12.44 | 26.92 + 11.89 | 46.94 + 29.28 | 38.99 + 20.84
NC_004663 0.43 30.10 + 14.84 | 28.39 + 14.27 | 31.15 £ 13.57 | 28.97 + 12.43
NC_000964 0.44 30.45 + 14.68 | 27.16 + 11.53 | 33.10 £ 17.03 | 31.90 + 14.58
NC_000853 0.46 20.31 £+ 13.75 | 28.43 + 13.64 | 41.73 + 24.49 | 37.71 + 20.49
NC.003143 0.48 34.21 + 19.01 | 29.22 £+ 13.95 | 33.82 £ 16.73 | 32.14 + 16.12
NC_004088 | 0.48 | 34.18 + 19.16 | 30.03 + 14.77 | 34.56 + 16.61 | 30.81 + 16.00
NC_000917 0.49 31.70 £ 15.87 { 30.78 + 16.34 | 36.60 + 25.42 | 38.53 + 17.28
NC_000916 0.50 34.27 + 18.74 | 28.71 £+ 14.50 | 34.03 £+ 17.37 | 38.63 + 20.95
NC_004431 0.50 37.15 £ 21.76 | 34.69 + 20.14 | 33.18 £+ 15.80 | 30.82 + 14.23
NC_000913 0.51 37.63 + 22,31 | 32.39 £ 19.08 | 33.13 £ 15.47 | 33.14 + 16.83
NC_002695 0.51 37.71 £ 22.52 | 32.69 + 19.47 | 33.09 £+ 15.09 | 33.85 + 17.86
NC_004741 0.51 37.43 £ 21.85 | 34.20 £ 19.40 | 34.30 £ 17.75 | 34.53 + 18.83
NC_003197 0.52 39.75 + 24.70 | 33.89 + 20.41 | 33.53 £+ 15.48 | 32.47 + 15.67
NC_003198 0.52 39.42 + 24.32 | 31.88 + 16.96 | 34.44 £+ 17.36 | 33.30 + 16.40
NC_004556 0.52 38.37 £ 24.09 | 32.86 + 18.83 | 31.37 + 15.82 | 34.19 + 17.65
NC_000919 0.53 36.57 + 22.05 | 37.73 £+ 23.33 | 30.72 £ 13.21 | 42.37 + 29.62
NC_002488 0.53 39.47 £ 27.23 | 34.28 + 21.62 | 31.17 £+ 15.76 | 34.21 + 17.51
NC_002935 0.53 39.52 £+ 25.45 | 33.80 £+ 19.43 | 35.03 £+ 19.06 | 36.02 + 20.29
NC_002932 0.57 47.09 £+ 32.66 | 36.72 £+ 23.13 | 32.33 + 15.48 | 32.14 £+ 16.85
NC_004307 0.60 52.16 + 38.08 | 45.16 + 33.06 | 39.66 + 23.39 | 35.51 + 20.69
NC_002939 0.61 48.25 £+ 32.97 | 41.10 + 27.12 | 33.31 + 15.71 | 34.59 + 18.18
NC_004369 0.63 53.04 £+ 37.99 | 43.16 + 28.20 | 33.55 + 18.06 | 38.38 + 22.5
NC_ 003919 | 0.65 |[61.27 + 46.70 | 55.84 + 42.15 | 36.27 + 19.80 | 37.07 + 19.78
NC_005085 0.65 59.48 + 45.61 | 48.51 + 35.81 | 32.48 + 15.44 | 35.84 + 18.45
NC_002696 0.67 62.01 + 46.13 | 50.99 + 37.17 | 37.44 + 22.92 | 41.01 + 27.50

Continues on next page.
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Average span continued. . .
Accession | Global CDS NC rRNA tRNA
Number G+C span span span span
NC_002927 0.68 64.28 + 49.67 | 51.09 &+ 37.47 | 34.43 &+ 17.15 | 34.28 £ 19.77
NC_002928 0.68 64.06 + 49.46 | 51.10 4 37.28 | 33.50 £ 16.19 | 34.93 £ 20.43
NC_002929 0.68 64.37 + 49.52 | 50.52 & 36.01 | 34.38 & 16.98 | 37.64 + 23.86

Table A.4: This table presents the average span values and their standard deviations

measured in the various genomic domains of the genomes in our test set. The search

parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The values in this table are graphed in Figures 5.4 and B.3 on

pages 63 and 147, respectively.

A.6 Average cSpacing Across Genomic Domains

Accession | Global CDS NC rRNA tRNA
Number G+C cSpacing cSpacing cSpacing cSpacing
NC.002162 0.25 140.24 £ 103.78 | 161.60 & 113.84 | 49.12 + 21.30 | 74.68 £ 62.10
NC_002528 0.26 121.30 £ 87.14 | 162.80 &+ 107.30 | 46.44 + 13.46 | 120.93 £+ 79.43
NC_001318 0.29 111.04 £+ 72.92 | 134.73 4+ 107.06 | 47.94 &+ 20.63 | 89.45 & 63.12
NC_003366 0.29 107.86 £+ 78.65 | 149.72 £ 103.90 | 44.98 &+ 14.11 | 70.01 £ 77.23
NC.004557 | 0.29 109.30 &+ 75.49 | 124.38 + 85.08 | 45.13 & 15.14 | 63.46 £ 59.09
NC_000909 0.31 95.32 £+ 60.46 99.87 + 71.63 | 44.87 + 14.61 | 93.65 £+ 71.59
NC_003030 0.31 95.11 + 61.70 122.88 4 75.92 | 44.65 £ 14.20 | 49.02 + 30.23
NC_003103 0.32 79.15 &+ 46.21 86.38 & 51.38 | 47.60 £+ 14.84 | 74.47 £+ 48.94
NC_003106 0.33 85.40 + 51.48 96.39 + 61.06 | 46.82 & 17.80 | 97.31 + 75.76
NC_003923 0.33 79.14 4+ 46.40 99.55 + 63.41 | 43.08 £ 13.75 | 41.08 + 18.32
NC_005791 0.33 75.71 &+ 44.33 105.97 + 60.77 | 45.67 £ 13.37 | 81.1 & 54.33
NC_003997 0.35 70.46 + 38.67 86.42 £+ 50.01 | 41.76 & 14.22 | 45.54 + 20.76
NC_004722 0.35 70.93 £+ 39.52 85.25 + 49.77 | 41.21 4 12.92 | 45.92 + 24.45
NC.003909 0.36 71.08 &+ 39.34 79.18 + 48.59 | 41.95 + 13.76 | 45.96 + 21.51

Continues on next page.
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Average cSpacing continued. ..

Accession | Global CDS NC rRNA tRNA
Number | G4+C cSpacing cSpacing cSpacing cSpacing
NC.004368 0.36 68.18 + 36.56 85.56 + 48.68 | 43.49 & 13.84 | 45.99 £+ 21.51
NC_003212 0.37 64.45 + 31.52 82.78 & 41.55 | 42.70 &£ 11.92 | 51.19 + 24.70
NC_004350 0.37 63.30 £ 32.95 78.62 + 43.73 | 42.65 £ 12.98 | 45.96 + 20.66
NC_000907 0.38 58.24 + 26.42 67.88 & 34.24 | 46.08 &+ 15.88 | 57.23 + 31.02
NC_002940 0.38 58.67 L+ 26.98 65.95 + 32.45 | 46.15 £ 16.82 | 59.57 + 34.22
NC_003210 0.38 62.79 £+ 30.46 82.55 + 42.20 | 42.76 + 12.02 | 49.41 + 23.13
NC_003869 0.38 66.02 + 35.20 72.25 £ 41.92 | 43.48 &+ 14.09 | 47.31 & 22.88
NC_004668 0.38 61.62 + 30.49 75.19 + 41.60 | 44.32 £ 15.72 | 45.66 + 23.12
NC.002737 0.39 57.76 L+ 28.15 69.03 &+ 35.72 | 43.39 £ 13.69 | 48.60 £ 29.76
NC_000912 0.40 54.97 + 23.46 65.17 + 34.92 | 48.25 £ 19.22 | 43.06 £ 14.05
NC_.002620 0.40 55.32 &+ 22.74 63.72 £ 2844 | 45.63 £ 14.78 | 53.22 £ 25.80
NC_002689 0.40 97.07 £ 25.77 70.75 £+ 40.27 | 43.16 &+ 14.64 | 64.15 £ 36.77
NC_000922 0.41 55.11 &+ 23.34 67.13 + 32.74 | 48.46 &+ 18.61 | 49.84 £+ 21.61
NC_002179 0.41 54.94 + 23.12 66.46 + 31.43 | 46.26 + 16.30 | 51.95 &+ 21.08
NC_003901 0.41 50.57 + 21.84 72.81 + 41.78 | 46.10 £ 17.47 | 60.79 £+ 34.87
NC_005043 0.41 55.14 &+ 23.44 68.65 + 33.37 | 48.14 + 18.45 | 50.14 £+ 21.65
NC.000918 0.43 52.48 + 22.15 60.98 + 28.83 | 45.85 &+ 16.07 | 62.61 L+ 29.68
NC_004663 0.43 51.67 £ 21.91 69.60 &+ 34.75 | 44.51 £ 12.67 | 50.49 &+ 24.51
NC_000964 0.44 51.11 &+ 20.66 64.45 £ 30.98 | 41.10 &+ 11.99 | 43.79 + 15.82
NC_000853 0.46 48.05 &+ 17.60 53.50 + 23.84 | 43.26 &+ 13.40 | 49.07 £+ 21.91
NC_003143 0.48 47.13 + 16.62 54.36 + 24.70 | 45.90 £ 14.66 | 44.25 + 16.53
NC_004088 0.48 47.12 £ 16.51 53.16 & 23.90 | 46.58 £+ 15.69 | 44.36 £ 17.85
NC_000917 0.49 48.50 £ 17.65 54.24 + 22,79 | 42.12 £ 17.57 | 54.48 + 20.00
NC_000916 0.50 46.36 + 16.19 55.80 + 24.61 43.71 + 13.95 | 53.39 + 21.45
NC_004431 0.50 46.52 + 15.67 49.03 + 1948 | 44.04 £+ 12.80 | 45.81 + 15.51
NC_000913 0.51 46.37 + 15.54 51.80 & 21.33 | 44.37 + 12.84 | 46.64 + 17.85
NC_002695 0.51 46.53 + 16.01 51.60 + 21.69 |44.41 + 12,70 | 45.89 + 16.98
NC_004741 0.51 46.11 + 15.22 48.83 + 18.54 | 43.96 + 13.61 | 43.73 £ 17.11

Continues on next page.
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Average cSpacing continued. ..

Accession | Global CDS NC rRNA tRNA
Number G+C cSpacing cSpacing cSpacing cSpacing
NC_003197 | 0.52 46.48 + 15.91 50.36 + 20.07 | 44.98 + 13.00 | 43.24 + 14.32
NC_003198 0.52 46.42 + 15.86 50.56 + 20.09 | 43.69 + 12.54 | 44.22 + 16.98
NC_004556 0.52 48.02 + 16.95 52.33 + 22.15 | 42.71 £ 12.73 | 47.54 £+ 18.99
NC_000919 0.53 46.50 + 15.67 47.50 + 16.16 | 43.29 + 12.82 | 47.29 + 19.37
NC_002488 0.53 48.15 + 17.86 51.92 + 22.30 | 43.21 + 12.63 | 45.69 £+ 16.26
NC.002935 0.53 46.75 £+ 16.05 48.59 + 16.57 | 46.18 £+ 15.24 | 42.08 + 14.42
NC_002932 0.57 48.95 + 18.63 49.69 + 18.17 | 44.21 + 13.97 | 43.99 + 15.76
NC_004307 0.60 50.60 + 20.58 49.12 + 18.95 | 44.67 £ 14.17 | 41.65 £ 16.03
NC_002939 0.61 48.24 + 18.22 48.32 +£ 17.29 | 43.86 £ 12.23 | 43.66 £+ 14.86
NC_004369 0.63 50.33 + 20.36 48.11 + 16.96 | 42.42 + 12.84 | 42.67 + 14.52
NC.003919 0.65 54.21 + 24.44 52.38 + 22.41 | 43.52 + 12.49 | 41.86 + 13.30
NC_005085 0.65 53.43 + 23.96 50.47 + 20.07 | 43.79 + 12.88 | 43.79 £+ 14.21
NC_002696 0.67 54.27 + 24.07 49.72 + 20.06 | 43.40 + 13.49 | 43.16 + 16.48
NC_002927 | 0.68 55.50 + 25.83 50.74 + 20.48 | 42.63 + 11.78 | 41.72 £+ 13.19
NC_002928 0.68 55.38 + 25.74 50.69 + 20.32 | 42.70 + 12.28 | 42.11 + 13.66
NC_002929 0.68 55.65 + 25.75 50.81 + 19.78 | 42.56 + 11.71 | 43.56 £+ 15.21

Table A.5: This table presents the average cSpacing values and their standard devi-

ations measured in the various genomic domains of the genomes in our test set. The

search parameters applied by the stem-loop search algorithm to generate these values

are cited in Table 3.2 on page 31. The values in this table are graphed in Figures 5.6,

5.7 and B.5 on pages 67, 68, and 149, respectively.




a8ed 1x5Uu UO SANUNIUO))

ST'6T F ST'SC | SO'LT F €768 | ¥P'CE F 6V GL'TT F LT'1E 70 | ¢¢6000° DN
0t'et F 8198 | €86 F GE¥I | LSOV F 68°LY GG'SC F ¥8'CE 0v'0 | 689200°ON
C9'6C F 89°9C | 9L°CT F 8861 | 96°LC F 95°0¥ S1°¢C F ¥6'1¢ 0v'0 | 029200"DN
ET°CT F 9LT | 9%'8T F 6£F%C | GL'9E F OT'OV ¥6°CC F £L°6C 0v'0 | 216000°"ON
¥9'9C F G8°CC | €T°CT F 6T°LT |} TL'9E F OT'9¥ ¥8°LC + 807t 6£0 | LELCOOTON
€6'1C F ¥¥'0C | 68°CT F 60°LT | €9'TV F €T'I¢ VE'0E F 08°LE 8¢'0 | 899¥00"DN
8G'0C F Iv'61 | ¥¢'8 F CT'CT | €CCV + CI'8Y 11°9¢ F LLTY 86’0 | 698800"ON
€G°0C F LL'TC | 616 F €6V | E1'CV + 8C'69 €1°08 F 8L'8¢E 8€'0 | O0TCE00 DN
G9'TE F OT°€E | €T°ST F+ ¢0°0C | ¢S'CE F 9¢¢v BG'OC F ¢LvE 8€'0 | 0¥V6C00DN
CC'6C F 8C'IE | 98°CT F ¥I'61 | ¥I¥E F ¥EVY 66'GCc + LETE 8€'0 | L06000°DN
GT'8T F 1¢°0¢ | €901 F 99°ST | 69°C€V F 099 G8'CE T 86'6E L0 | 0SEV007 DN
LE'CC F CG°€T | ST'6 F L8FT | 6S'TIV F CV'6S ¥e'18 F 69°0% L&'0 | TIZE00ON
1L°0¢ F89°0¢ | 66 1T + TT°LT | €887 + €2°€9 ¥'9E + 09°G¥ 9¢°0 | 89E¥00ON
99°6T F ¢¢61 | 8L°0T + IL¥PT | T9'8F + 8L'G¢ ¢0'68 F ¥8'LY 9¢'0 | 606800°DN
¢9°Cc F L0611 696 F ECVI | 9867 F 01'C9 Iv'6¢ + 00'8¥ S€'0 | GoL¥00 DN
G6°LT F OV'8I | LTTT + 8G'%1 | 02°0S F 99'€9 BG'8E F 69°LY SE'0 | L66800" DN
€0'€G F EE'€T | LT'6 F L9'GT | 86'09 F 08'%8 £€CVY F ¢9'ES €€°0 | T6LS00 DN
19°6 F 09°€T | ¥9'TT F ¥#9°9T | 00'%9 F 8¢ '9L €E°9V F ¢O'LS €0 | €¢68007DN
GO'GL F ¥8°89 | ¥8°0T F 9T°¢T | ¥2'19 F 607L 861G + LV'E9 €60 | 90T€00DN
L9°9¥ F OL°8Y | 99°€T F 99°0¢ | 9¥'1¢ F 1629 Vo oy + 19799 ¢&'0 | €0TE00° DN
GG'6C F €0°C€T | OG'TT F G6°LT | TO'9L F €0'TOT | OL'T9 F TL'EL 1€°0 | 080€00° DN
€9°0L F 87'€9 | TL'GF 8LOT | 99°CL F ¢S9L ¢S8°09 F £8°€L 1€°0 | 606000°ON
T€'8C F 0€°LE | 99°C€T F GV'LT | GC'G8 F €€°C0T | ¥9'GL F €T'88 600 | LSSVOO DN
6G°9L F 6S°E€V | 8L'TT F ¥9°LT | 9C'%0T F 9L°L8T | 8L'8L F €8'98 6¢°0 | 99¢€00 DN
6¢°¢9 F L0'S9 | 06'6T F ¥L'CC | LE'LOT + PL'CIT | 80'EL F 8868 6¢°0 | 8TET00 DN
G8'LLF 0T'96 | T6°'TT F I6°8T | #€'€0T + GE'6ET | ¥E'L8 F TV 001 92’0 | 8CSCO0DN
GL'09 F 6087 | 89'0C F 86'GC | 90VIT + 66661 | ST¥OT F LV'611 | S0 | 291200 DN
buiovndg [ buiondg { buroodg { buoodg { O+n | sequunyy
VNYU? VNY! ON sad [eqor) | uolssavoy
SUrewo(J Jtuouoy) ssoddy EUZODJS’ f BBB.IBAV LY
221 SHONANOHAS DINONAD NO VIVA DIYIIN JOOT-WALS 'V XIANAddY




APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES 128

Average fSpacing continued. ..

Accession | Global CDS NC rRNA tRNA
Number | G+C fSpacing fSpacing fSpacing fSpacing
NC.002179 | 0.41 31.06 + 22.37 42,87 + 31.44 | 18.98 + 14.81 | 27.3 + 19.77
NC_003901 0.41 24.63 + 21.02 49.45 + 41.76 | 15.87 + 14.74 | 32.64 £ 33.34
NC_005043 041 31.22 + 22.86 45.50 + 33.01 | 23.19 + 16.96 | 25.49 + 19.28
NC_000918 0.43 27.67 + 21.29 36.96 + 28.71 10.62 + 5.04 | 32.56 + 26.08
NC_004663 0.43 25.52 + 21.10 44.59 + 34.59 | 17.97 + 11.36 | 25.16 £ 22.74
NC.000964 | 0.44 24.73 + 19.57 40.17 + 30.94 13.71 + 8.93 | 16.69 + 13.70
NC_000853 0.46 22.45 + 16.23 28.48 + 23.35 11.12 + 5.66 | 19.35 + 17.26
NC_003143 0.48 18.57 + 13.84 28.81 +24.18 | 17.23 £+ 12.02 | 17.47 + 13.21
NC_004088 | 0.48 18.58 + 13.71 27.08 +23.36 | 17.56 &+ 12.93 | 18.84 + 14.03
NC_000917 0.49 21.31 + 15.74 27.87 + 22.52 14.07 £ 6.95 | 25.59 + 15.40
NC.000916 0.50 17.86 + 13.33 30.53 + 24.04 | 14.97 + 10.07 | 23.58 + 18.09
NC_004431 0.50 16.34 + 11.60 20.33 + 1749 | 16.09 + 10.09 | 19.21 + 14.23
NC_000913 0.51 15.91 + 10.96 24.42 + 19.98 16.22 + 9.94 | 18.74 £+ 13.99
NC_002695 0.51 16.06 £+ 11.60 24.02 + 2047 | 16.33 £+ 10.10 | 17.92 £+ 12.82
NC_004741 0.51 15.79 + 10.58 20.35 + 16.65 | 15.01 + 10.10 | 16.07 + 12.73
NC_003197 | 0.52 14.99 + 10.28 22.18 +18.34 | 16.43 £ 10.69 | 16.04 + 11.36
NC_003198 | 0.52 15.12 + 10.46 23.48 1 18.88 14.61 + 8.94 | 16.60 + 13.46
NC_004556 | 0.52 17.01 + 12.21 24.54 + 20.97 15.65 + 9.47 | 19.35 + 15.35
NC_000919 | 0.53 16.83 + 11.36 17.18 £ 11.77 | 16.55 + 11.25 | 15.16 + 11.76
NC_002488 | 0.53 16.69 + 12.17 23.31 4+ 20.86 16.31 + 9.36 | 17.82 + 12.05
NC_002935 0.53 15.20 + 9.85 20.14 + 13.74 | 16.97 £ 11.81 | 12.88 + 8.39
NC_002932 0.57 13.40 + 8.91 19.83 + 15.04 | 16.73 + 10.99 | 16.73 + 12.42
NC_004307 0.60 12.27 + 7.17 14.56 + 9.65 13.22 £ 7.26 | 13.19 £ 9.77
NC_002939 | 061 12.22 + 7.34 16.07 £ 11.51 15.65 £+ 9.10 | 14.92 + 10.00
NC_004369 | 0.63 11.68 £ 6.60 14.65 £+ 9.38 14.41 + 8.80 | 12.60 £ 7.07
NC_003919 0.65 11.25 + 5.97 12.26 £ 7.17 13.65 + 9.06 | 11.70 + 7.44
NC_005085 0.65 11.51 + 6.55 14.32 £+ 10.05 | 16.02 £+ 10.40 | 14.10 £ 9.57
NC_002696 0.67 10.95 £+ 5.64 12.14 + 6.93 13.21 £ 6.87 | 10.84 £+ 5.80

Continues on next page.




APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES 129
Average fSpacing continued. . .

Accession | Global CDS NC rRNA tRNA
Number | G4+C fSpacing fSpacing fSpacing fSpacing
NC_002927 0.68 11.09 £ 5.84 13.24 + 8.34 13.69 &+ 8.02 13.40 £ 7.51
NC_002928 0.68 11.09 &+ 5.87 13.20 + 8.23 14.50 + 9.12 13.54 £ 7.52
NC_002929 0.68 11.19 £ 5.94 13.49 + 8.19 13.61 £ 8.06 13.51 £ 7.07

Table A.6: This table presents the average fSpacing values and their standard devi-

ations measured in the various genomic domains of the genomes in our test set. The

search parameters applied by the stem-loop search algorithm to generate these values

are cited in Table 3.2 on page 31. The values in this table are graphed in Figures 5.9

and B.7 on pages 71 and 151, respectively.

A.8 Average (cSpacing x bps) Across Genomic Domains

Accession

Number

Global
G+C

CDS

(CS pacing X bps)

NC

l

rRNA

tRNA

NC_002162

0.25

835.12 £ 662.96

1132.59 + 945.46

367.16 + 242.48

736.82 £+ 1005.09

NC_002528

0.26

731.45 £ 585.97

1066.61 £ 782.05

438.89 + 318.80

1069.02 + 1077.31

NC_001318

0.29

684.36 + 525.65

883.62 + 826.13

394.47 + 283.42

775.77 £ 713.36

NC_.003366

0.29

658.18 + 581.54

1064.52 + 856.89

433.24 + 331.83

703.55 + 1021.79

NC_004557

0.29

666.20 £+ 524.75

898.68 + 823.31

445.84 + 362.16

610.50 + 762.89

NC_000909

0.31

596.76 £ 452.83

732.2 + 622.87

695.66 £ 739.40

1126.37 £+ 1205.09

NC_003030

0.31

590.88 £ 453.12

861.71 + 701.09

413.76 £ 321.08

462.45 £ 454.32

NC_003103

0.32

531.50 £ 396.08

643.91 + 576.85

447.21 + 369.33

741.79 £ 876.50

NC_003106

0.33

552.58 £ 413.26

648.91 £ 578.59

735.53 + 809.66

1070.02 + 1061.69

NC_003923

0.33

519.95 £ 383.56

746.69 £ 627.51

396.49 £ 302.25

479.37 £+ 609.09

NC_005791

0.33

503.86 + 375.72

657.96 + 474.79

530.67 + 483.19

857.77 £ 822.98

NC_003997

0.35

486.21 + 362.83

636.80 £ 518.59

408.84 + 347.15

467.79 + 475.39

NC_004722

0.35

495.91 + 590.23

639.63 + 534.03

399.43 + 337.57

457.60 £+ 463.31

NC_003909

0.36

533.98 + 1166.64

607.87 £ 1019.51

410.86 + 348.25

450.80 L 427.86

NC_004368

0.36

467.20 £ 337.12

609.91 + 464.27

415.13 £ 343.63

400.12 £ 383.25

NC_003212

0.37

467.65 £+ 343.17

624.47 £+ 453.83

428.89 + 344.77

522.75 £ 472.59

Continues on next page.




APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES 130
Average (cSpacing X bps) continued. . .
Accession | Global (cSpacing X bps)
Number | G+C CDS NC | rRNA tRNA
NC.004350 0.37 454.34 + 338.52 563.32 + 459.33 | 412.46 £ 339.07 | 431.41 £ 356.72
NC_000907 0.38 437.45 + 322.32 511.88 £+ 414.58 437.69 + 362.21 559.24 + 489.72
NC_002940 0.38 442.85 + 340.20 502.02 + 394.45 412.04 &+ 314.06 618.04 £ 668.00
NC_003210 0.38 464.62 + 357.30 630.43 + 482.02 430.74 + 348.02 519.76 + 499.27
NC_003869 0.38 472.02 + 389.97 577.41 + 521.87 | 549.37 £ 547.25 516.96 + 470.38
NC_004668 0.38 459.28 + 349.74 605.89 + 523.85 438.94 + 376.51 412.77 + 404.34
NC_002737 0.39 428.38 + 318.77 499.84 + 389.16 | 407.02 + 342.39 472.92 + 588.37
NC_000912 0.40 460.27 + 404.32 536.28 + 476.55 361.42 + 239.77 388.85 + 307.56
NC_002620 0.40 408.98 + 289.53 472.39 + 354.98 | 391.03 £+ 283.18 | 555.18 + 538.74
NC_002689 0.40 437.58 + 331.71 480.56 + 363.62 | 500.89 *+ 522.49 | 736.72 + 775.29
NC_000922 0.41 420.10 + 308.92 482.16 £+ 357.61 412.20 4+ 311.30 457.61 + 442.82
NC_002179 0.41 419.49 + 312.97 486.48 + 340.36 442.62 £+ 391.85 456.62 + 382.42
NC_003901 0.41 443.12 + 37591 530.19 + 442.45 | 539.61 £ 509.97 678.14 + 639.47
NC_005043 0.41 419.82 + 307.92 492.13 + 365.01 405.55 + 305.46 459.71 + 441.97
NC_000918 0.43 427.75 + 337.62 465.12 & 361.56 | 755.82 £ 875.66 | 808.70 + 789.55
NC_004663 0.43 458.77 + 409.92 601.36 £+ 562.34 415.21 + 305.32 445.44 + 404.95
NC_000964 0.44 459.27 + 394.94 510.14 + 379.38 418.89 + 363.88 429.05 + 343.49
NC_000853 0.46 418.79 £ 351.25 446.28 + 380.71 604.85 + 611.89 623.54 + 643.08
NC_003143 0.48 507.67 + 568.38 468.01 + 401.40 | 474.97 + 405.45 449.00 + 422.67
NC_004088 0.48 507.65 + 583.13 473.79 + 414.98 | 494.02 £+ 419.48 438.59 + 444.17
NC_000917 0.49 465.33 £ 416.48 489.16 + 431.88 564.90 + 685.80 656.94 + 491.23
NC_000916 0.50 501.30 £ 502.62 466.27 + 432.48 | 466.03 £+ 459.49 673.76 + 641.04
NC_004431 0.50 562.47 + 623.19 537.48 £ 610.23 443.97 + 368.25 418.28 + 318.15
NC.000913 0.51 572.47 + 658.40 527.95 + 622.49 446.66 + 362.81 483.15 £ 457.69
NC_002695 0.51 575.98 &+ 669.41 527.78 + 772.50 441.64 + 339.47 490.96 + 482.26
NC_004741 0.51 563.99 + 622.02 523.73 + 546.77 | 467.83 £ 449.37 | 495.60 £ 508.90
NC_003197 0.52 620.50 £+ 762.55 540.13 + 649.57 | 454.64 + 336.20 | 428.45 + 350.73
NC_003198 0.52 611.58 + 735.66 494.45 + 468.59 464.95 + 402.48 462.62 + 443.82
NC_004556 0.52 617.92 £ 779.34 530.72 £+ 556.00 408.37 + 375.42 514.90 + 467.93
NC_.000919 0.53 561.45 + 660.15 595.82 £+ 683.54 | 386.79 + 260.06 718.63 + 951.61
NC_002488 0.53 656.83 + 1072.27 562.35 + 724.70 | 408.73 £ 374.86 499.13 + 453.64
NC_002935 0.53 632.89 + 830.89 530.69 + 575.54 | 509.31 £ 518.65 504.71 + 520.54

Continues on next page.




APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES 131
Average (cSpacing X bps) continued. . .
Accession | Global (cSpacing X bps)
Number | G+C CDS NC | rRNA tRNA
NC_002932 0.57 837.17 £ 1196.41 594.27 + 714.97 441.80 *+ 368.61 457.80 + 437.30
NC_004307 0.60 1007.46 + 1581.57 [ 821.15 + 1315.83 | 578.73 £ 620.14 497.13 + 550.77
NC_002939 0.61 846.21 £ 1172.83 680.18 £+ 919.13 446.47 + 392.06 491.64 + 481.90
NC_004369 0.63 1017.06 £ 1517.56 734.11 £ 955.50 451.86 + 472.02 568.83 + 661.36
NC_003919 0.65 1346.74 £ 2187.19 | 1154.38 £+ 1877.78 | 503.50 £+ 529.94 504.34 + 525691
NC_005085 0.65 1284.25 £+ 2229.62 | 914.86 + 1409.86 | 434.55 £ 358.73 498.99 + 449.62
NC_002696 0.67 1343.80 £+ 2090.87 | 969.50 + 1574.23 | 541.82 £+ 634.14 637.68 + 867.51
NC_002927 0.68 1471.28 £+ 2446.71 | 988.25 £+ 1548.71 | 455.48 + 405.22 473.16 £ 506.79
NC_002928 0.68 1461.24 + 2441.53 | 984.41 + 1519.85 | 438.50 £ 376.06 486.18 + 507.61
NC_002929 0.68 1471.08 + 2400.34 | 963.47 + 1402.06 | 453.37 £ 402.14 563.51 + 655.32

Table A.7: This table presents the average (cSpacingx bps) values and their standard deviations

measured in the various genomic domains of the genomes in our test set. The search parameters

applied by the stem-loop search algorithm to generate these values are cited in Table 3.2 on

page 31. The values in this table are graphed in Figures 5.11 and B.9 on pages 74 and 153,

respectively.

A.9 Average (fSpacing x bps) Across Genomic Domains

Accession

Number

Global
G+C

cps |

(fSpacing X bps)

NC

| rRNA

tRNA

NC_002162

0.25

703.80 + 643.35

973.46 = 909.66

181.23 + 162.98

463.64 + 838.97

NC_002528

0.26

598.56 + 562.68

907.36 = 747.29

162.87 + 130.05

848.51 + 954.76

NC_001318

0.29

546.68 + 493.65

725.77 £ 769.67

176.38 = 182.06

551.11 + 583.26

NC_003366

0.29

520.21 + 514.83

895.72 = 810.08

155.99 + 131.64

426.48 £+ 899.91

NC_004557

0.29

530.40 + 496.57

728.12 £ 753.31

151.71 £ 131.15

335.92 £ 595.55

NC_000909

0.31

454.18 £ 415.82

533.89 £ 556.95

140.79 £+ 123.69

745.92 + 1038.82

NC_003030

0.31

451.16 £ 419.36

697.31 + 639.24

156.45 + 134.56

206.71 £+ 322.39

NC_003103

0.32

369.29 + 338.76

451.04 + 444.74

170.38 + 128.07

476.74 £+ 678.69

NC_003106

0.33

401.10 + 367.42

482.38 + 486.44

161.92 + 200.30

742.61 + 918.40

NC_003923

0.33

366.62 £ 336.01

549.65 *+ 544.99

142.38 + 124.34

157.45 + 208.84

Continues on next page.




APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES

Average ( FSpacing x bps) continued. . .

132

Accession

Number

Global
G+C

CDS

( fSpacing x bps)

NC

rRNA

tRNA

NC_005791

0.33

348.11 + 325.43

515.10 + 430.13

162.76 + 152.73

548.70 £ 677.34

NC_.003997

0.35

318.36 £ 296.51

455.32 + 436.86

128.78 + 126.93

177.86 + 239.43

NC_004722

0.35

319.75 £ 297.74

451.21 + 444.26

124.05 £ 112.96

179.71 + 287.21

NC_003909

0.36

327.02 £ 315.81

387.27 + 391.10

129.17 + 119.95

173.51 + 200.01

NC_004368

0.36

302.61 £ 277.17

440.05 + 403.44

147.52 £+ 120.62

163.84 + 189.18

NC_003212

0.37

284.49 + 257.65

434.21 + 372.43

135.63 + 111.24

223.14 £ 260.16

NC_004350

0.37

275.87 + 262.11

390.11 + 386.20

137.76 £ 114.91

183.99 + 207.89

NC_000907

0.38

247.39 + 226.27

321.35 £+ 313.24

167.60 + 160.99

299.87 + 346.96

NC_002940

0.38

249.17 + 228.45

307.15 £ 293.10

168.79 £+ 161.59

337.16 £+ 475.17

NC_003210

0.38

275.03 = 252.34

438.76 £ 393.62

136.39 + 111.69

217.32 £ 278.64

NC_003869

0.38

291.88 + 276.71

363.39 + 390.36

145.88 £+ 138.25

200.13 £ 270.22

NC_004668

0.38

267.83 £+ 250.39

393.90 + 403.21

155.72 + 145.78

177.73 + 258.28

NC_002737

0.39

241.32 £ 227.88

321.29 £ 304.45

144.45 £+ 118.09

221.85 £ 396.86

NC_000912

0.40

228.10 £ 212.01

290.25 + 272.82

174.99 + 152.42

148.00 + 133.49

NC_002620

0.40

226.77 £ 195.14

290.61 + 256.07

160.25 + 138.94

266.85 + 333.03

NC_002689

0.40

240.37 £ 224.37

310.32 + 288.95

148.79 + 150.37

407.74 £ 534.76

NC.000922

0.41

226.84 + 202.14

304.97 + 273.47

192.93 £+ 187.80

228.93 + 278.18

NC_002179

0.41

226.79 £+ 204.14

302.00 & 259.13

163.22 + 161.20

231.09 £ 235.89

NC_003901

0.41

198.37 £+ 198.59

345.54 = 352.01

161.33 £ 166.10

353.40 £ 457.54

NC_005043

0.41

226.90 = 202.23

315.44 + 277.54

188.64 = 183.50

231.34 + 278.27

NC_000918

0.43

212.42 + 201.63

265.79 + 247.11

143.37 £ 122.78

401.11 + 456.66

NC_004663

0.43

206.44 + 203.20

358.60 + 365.81

153.74 £ 125.61

216.79 + 265.49

NC_000964

0.44

204.37 £ 199.54

300.94 + 271.41

122.47 £ 97.72

153.70 £ 157.25

NC_000853

0.46

181.23 + 169.86

217.65 + 206.52

131.17 £ 102.91

235.29 £ 313.62

NC.003143

0.48

175.54 £ 172.96

228.28 £+ 222.93

159.14 + 141.88

166.19 = 182.03

NC_004088

0.48

174.85 £+ 170.34

219.64 + 218.50

168.10 + 154.79

178.34 = 223.08

NC_000917

0.49

186.36 £ 180.61

221.51 £ 205.59

171.23 £+ 158.20

298.52 + 248.80

NC_000916

0.50

170.08 £ 168.72

232.84 + 220.17

142.28 + 129.64

269.20 £ 275.42

NC_004431

0.50

168.53 = 161.18

190.63 £ 199.26

147.44 £+ 122.78

162.21 £+ 140.93

NC_000913

0.51

167.44 £+ 160.96

214.00 + 215.60

149.37 = 120.45

184.21 + 209.09

NC_002695

0.51

168.69 £ 165.22

210.04 = 229.29

148.55 £+ 118.53

179.07 £ 199.17

NC_004741

0.51

165.73 £ 158.42

187.97 £ 187.38

142.46 = 134.75

170.05 + 215.68

Continues on next page.
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Average ( fSpacing x bps) continued. ..

133

Accession

Number

Global
G+C

CDS

( fSpacing x bps)

NC

rRNA

tRNA

NC_003197

0.52

166.41 + 161.59

201.43 £ 199.17

151.24 + 122.39

146.58 + 130.37

NC_003198

0.52

166.24 + 161.66

203.91 + 199.36

138.91 + 123.56

165.89 + 218.74

NC.004556

0.52

182.18 + 182.42

215.55 + 222.21

135.78 + 117.89

195.46 + 217.71

NC_000919

0.53

172.13 + 165.20

179.18 £ 166.86

138.07 + 104.62

183.29 + 220.88

NC_002488

0.53

180.53 + 186.72

208.15 + 220.19

139.56 + 117.08

182.37 £ 180.64

NC_002935

0.53

169.14 + 167.12

190.32 £+ 178.63

165.71 £+ 174.28

140.01 + 164.35

NC_002932

0.57

180.97 £ 191.11

196.71 £ 190.41

153.01 £+ 137.06

163.44 £ 177.52

NC_004307

0.60

187.40 + 197.87

186.96 £+ 198.15

148.26 + 136.56

149.02 + 193.24

NC_002939

0.61

170.47 £ 174.21

182.94 £ 180.81

147.97 £ 126.82

157.73 £ 172.26

NC_004369

0.63

182.05 £+ 188.23

182.67 £+ 183.95

137.50 + 142.79

146.92 + 136.01

NC_003919

0.65

206.92 + 219.64

202.19 + 217.64

136.22 + 119.85

125.94 + 120.28

NC_005085

0.65

203.55 + 220.21

194.23 + 198.62

144.57 £ 132.13

144.49 + 139.86

NC_002696

0.67

203.38 + 209.98

181.83 + 192.16

141.98 + 125.77

136.40 £+ 150.71

NC.002927

0.68

214.89 + 230.34

196.17 £ 204.85

130.26 £+ 105.38

134.18 + 122.07

NC_002928

0.68

214.26 + 231.59

195.30 + 203.26

134.99 + 118.88

138.86 = 131.00

NC_002929

0.68

216.88 + 232.95

197.65 £+ 196.94

129.09 + 104.60

153.12 £ 144.81

Table A.8: This table presents the average ( f Spacingxbps) values and their standard deviations

measured in the various genomic domains of the genomes in our test set. The search parameters

applied by the stem-loop search algorithm to generate these values are cited in Table 3.2 on

page 31. The values in this table are graphed in Figures 5.13 and B.11 on pages 77 and 155,

respectively.




APPENDIX A. STEM-LOOP METRIC DATA ON GENOMIC SEQUENCES

A.10 Average bps values under alternate search parameters -

see caption.

Accession | Global CDS NC rRNA tRNA
Number G4C bps bps bps bps
NC_002162 0.25 18.01 + 14.44 | 19.55 &+ 15.34 | 11.73 £ 8.07 | 15.18 + 10.94
NC_002528 0.26 15.81 + 12.25 | 20.26 + 16.16 | 13.00 + 8.47 | 14.53 + 11.10
NC_001318 0.29 1742 + 16.38 | 19.78 + 17.77 | 14.79 + 10.35 | 17.24 + 16.72
NC_003366 0.29 14.89 + 11.55 | 20.03 £ 16.40 | 12.64 + 8.38 | 14.48 + 10.70
NC_004557 | 0.29 14.38 + 11.05 | 17.10 £ 13.45 | 13.72 4+ 9.49 | 14.60 + 10.85
NC_000909 0.31 14.56 + 11.38 | 18.48 + 15.85 | 14.17 £ 9.78 | 14.18 £+ 8.89
NC.003030 0.31 14.53 + 11.21 | 17.67 + 14.03 | 12.09 + 7.46 | 14.91 &+ 10.79
NC_003103 0.32 15.31 £11.73 | 16.33 £ 12.60 | 12.49 + 7.70 | 12.76 + 8.47
NC_003106 0.33 1471 £+ 11.46 | 16.70 + 13.15 | 14.05 + 9.83 | 13.05 £ 8.14
NC_003923 0.33 15.75 £ 12.39 | 17.57 & 13.96 | 13.03 £ 8.58 | 11.74 £+ 7.88
NC_005791 0.33 14.87 £ 11.21 | 18.21 + 13.97 | 14.91 £+ 10.73 | 14.27 £ 11.5
NC_003997 | 0.35 1442 + 11.08 | 15.16 £ 11.77 | 12.37 £ 7.85 | 12.64 + 8.93
NC_004722 0.35 14.38 £ 11.07 | 15.29 4+ 11.84 | 12.40 + 8.00 | 12.27 + 8.64
NC_003909 0.36 14.52 £ 11.27 | 14.24 £ 11.00 | 12.40 £ 7.92 | 12.58 + 8.55
NC_004368 0.36 15.57 £ 12.08 | 15.78 &£ 12.00 | 11.75 £ 7.66 | 10.86 £ 7.96
NC_003212 0.37 14.76 £ 11.39 | 14.83 &£ 11.13 | 12.73 £ 8.67 | 14.50 £ 9.57
NC_004350 0.37 15.59 £ 12.25 | 15.59 4+ 11.97 | 13.08 &£ 9.01 | 13.56 £+ 9.20
NC_000907 | 0.38 15.65 + 12.12 | 16.00 + 12.27 | 13.38 + 9.88 | 14.06 + 10.40
NC_002940 0.38 15.19 £ 11.95 | 15.59 £+ 12.19 | 12.31 & 8.51 | 13.62 £ 10.27
NC_003210 0.38 14.78 £ 11.49 | 15.08 &£ 11.48 | 12.82 £ 8.79 | 14.75 £+ 10.02
NC_003869 0.38 13.10 £ 9.75 | 14.17 £ 10.61 | 12.86 + 8.83 | 13.67 + 9.76
NC_004668 0.38 14.71 £+ 11.34 | 14.66 £ 11.05 | 12.94 + 8.83 | 13.06 £+ 9.70
NC_002737 0.39 15.21 £+ 11.65 | 15.05 £ 11.40 | 12.47 £ 8.20 | 12.79 + 10.33
NC_000912 0.40 16.15 £+ 12.51 | 15.79 + 12.21 | 11.27 £ 7.13 | 14.60 £+ 10.50
NC_002620 0.40 14.54 £+ 11.43 | 1445 + 11.09 | 11.19 + 6.97 | 16.40 £+ 11.90
NC_002689 0.40 13.63 £ 9.92 | 15.79 £ 11.91 | 13.02 £ 8.72 | 15.70 £ 11.26

Continues on next page.
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Average bps continued. ..
Accession | Global CDS NC rRNA tRNA
Number G+C bps bps bps bps
NC_000922 041 14.57 + 11.17 | 15.47 + 11.78 | 11.36 £ 7.23 | 13.79 + 10.27
NC_002179 0.41 14.38 £+ 10.95 { 14.43 + 10.81 | 14.39 + 10.43 | 14.64 + 10.46
NC_003901 041 13.86 + 10.14 | 15.47 + 12.19 | 13.82 + 9.93 | 14.27 + 10.40
NC.005043 0.41 14,57 £ 11.15 | 15.66 + 12.07 | 11.33 + 7.20 | 13.78 £+ 10.19
NC.000918 0.43 12.74 £ 9.11 | 13.72 + 10.33 | 14.28 +£ 9.81 | 13.42 + 8.75
NC_004663 0.43 14.28 + 10.86 | 15.32 +£ 11.95 | 14.87 + 11.08 | 13.30 £+ 9.32
NC_000964 0.44 13.84 £+ 10.22 | 14.09 + 10.36 | 12.54 + 8.89 13.16 £+ 9.49
NC_000853 0.46 12.92 +9.26 | 13.72 £ 10.11 | 13.05 + 8.64 | 12.88 &+ 9.13
NC_003143 0.48 15.53 £ 12.48 | 14.84 + 11.27 | 14.18 £+ 10.09 | 14.37 £+ 11.05
NC_004088 0.48 15.43 + 12,24 | 15.08 + 11.88 | 13.20 + 8.61 | 13.31 + 10.50
NC_000917 0.49 13.29 + 9.62 | 14.87 + 11.10 | 16.65 + 11.77 | 15.15 + 10.25
NC_000916 | 0.50 14.34 £+ 10.75 | 15.23 + 11.69 | 11.03 + 6.65 | 13.82 + 9.10
NC_004431 0.50 15.38 + 11.99 | 15.03 £+ 11.58 | 12.84 + 8.50 | 14.34 + 11.70
NC_000913 | 0.51 15.47 £ 12.05 | 14.73 + 11.06 | 12.85 + 8.32 | 12.97 + 8.86
NC_002695 0.51 15.36 +£ 11.94 | 14.84 + 11.24 | 12.80 + 8.30 13.56 + 9.64
NC_004741 0.51 1538 + 11.96 | 14.98 + 11.31 | 13.57 + 8.79 14.52 + 9.80
NC_003197 0.52 15.26 + 11.91 | 14.70 £ 11.18 | 13.18 + 8.73 13.35 + 9.63
NC_003198 0.52 15.19 + 11.76 | 14.43 £+ 10.78 | 13.59 + 8.95 | 14.48 + 10.43
NC_004556 0.52 19.13 + 18.46 | 19.06 &+ 18.42 | 11.73 £ 7.63 | 14.66 + 12.24
NC_000919 0.53 14.88 + 12.04 | 14.87 + 11.77 | 11.27 £ 7.27 | 16.27 + 12.23
NC_002488 0.563 17.07 £+ 16.29 | 16.32 + 15.563 | 11.63 + 7.55 13.85 £+ 9.90
NC_002935 0.53 16.96 £+ 15.36 | 16.08 £+ 13.51 | 16.27 + 13.25 | 13.80 + 9.54
NC_002932 0.57 16.65 + 13.44 | 15.00 &+ 11.58 | 13.04 + 9.02 12.66 + 8.22
NC_004307 0.60 18.09 £+ 15.32 } 16.72 + 14.08 | 13.04 &+ 8.58 12.94 + 9.44
NC_002939 0.61 15.69 + 12.17 | 14.61 £ 11.23 | 12.57 + 8.53 | 14.22 + 10.63
NC_004369 0.63 17.01 £+ 13.77 | 15.83 £ 12.52 | 14.42 + 11.31 | 14.40 + 9.68
NC.003919 0.65 19.58 + 16.68 | 18.00 + 14.92 | 14.45 + 10.26 | 13.86 + 9.75
NC_005085 0.65 18.69 £ 16.03 | 16.40 + 13.62 | 13.16 £+ 8.94 | 14.22 + 9.30

Continues on next page.
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Average bps continued. ..
Accession | Global CDS NC rRNA tRNA
Number | G4+C bps bps bps bps
NC.002696 | 0.67 19.21 £ 15.88 | 16.47 + 13.32 | 14.22 + 10.27 | 14.13 £ 9.90
NC_002927 | 0.68 19.95 + 17.03 | 16.48 + 13.39 | 13.25 + 9.44 | 13.56 + 9.09
NC_002928 | 0.68 19.87 £ 16.95 | 16.35 &+ 13.06 | 12.46 + 8.58 | 13.35 £ 8.93
NC_002929 0.68 20.15 + 17.21 | 16.67 £+ 13.54 | 13.19 4+ 9.42 13.58 £+ 9.37

Table A.9: This table presents the average bps values and their standard deviations

measured in the various genomic domains of the genomes in our test set. The search

parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The only exceptions are that the minimum GC base pair

content is set to 0% and the maximum GU base pair content is set to 100%. The values

in this table are graphed in Figure 7.1 on page 101.
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A.11 Average cSpacing data under alternate search parame-

ters - see caption.

Accession | Global CDS NC rRNA tRNA
Number G+C c¢Spacing cSpacing cSpacing cSpacing
NC_002162 0.25 51.58 + 23.35 | 53.63 &+ 24.49 | 41.62 £+ 14.79 | 46.77 + 17.98
NC.002528 0.26 | 47.92 £ 20.06 | 54.14 + 25.59 | 43.63 £+ 14.79 | 45.50 + 18.31
NC_001318 0.29 | 50.71 £ 25.98 | 54.33 £ 27.90 | 46.62 £+ 17.55 | 49.07 £ 25.95
NC_.003366 0.29 | 46.72 £ 19.15 | 54.57 £ 25.79 | 43.58 + 14.92 | 45.44 + 18.41
NC_004557 0.29 | 46.09 + 18.45 | 50.16 + 21.66 | 45.25 + 16.49 | 45.99 + 17.58
NC_000909 0.31 46.90 + 18.90 | 52.56 £ 25.04 | 45.16 + 16.75 | 45.39 £ 14.75
NC_003030 0.31 | 46.43 + 18.71 | 51.18 + 22.59 | 41.99 + 13.52 | 46.64 + 17.76
NC_003103 0.32 | 47.84 + 19.56 | 49.18 &+ 20.58 | 43.25 + 14.08 | 42.38 + 15.16
NC_003106 | 0.33 |47.17 £ 19.19 | 49.73 + 21.63 | 45.52 + 16.86 | 43.27 £+ 13.94
NC_003923 | 0.33 | 48.42 £+ 20.46 | 51.06 + 22.53 | 43.46 £+ 15.06 | 41.14 + 13.97
NC_005791 0.33 | 46.76 + 18.71 | 51.67 £+ 22.53 | 46.41 £+ 17.75 | 45.32 + 19.91
NC.003997 | 0.35 | 46.51 & 18.68 | 47.36 £ 19.47 | 42.83 + 14.39 | 42.36 + 15.69
NC_004722 0.35 | 46.41 £+ 18.64 | 47.55 £ 19.54 | 42.91 + 14.63 | 42.05 £+ 15.32
NC_.003909 0.36 46.63 £ 18.89 | 46.12 + 18.43 | 42.79 £+ 14.50 | 42.27 + 14.86
NC_004368 | 0.36 |47.94 + 19.98 | 48.04 + 19.74 | 41.46 + 13.85 | 39.65 + 14.12
NC_003212 0.37 47.12 £ 19.07 | 46.71 £+ 18.47 | 43.02 £+ 15.09 | 45.22 + 16.13
NC_004350 0.37 | 48.07 + 20.21 | 47.72 + 19.63 | 44.05 + 15.86 | 42.91 £+ 15.79
NC_000907 0.38 48.27 + 20.07 | 48.85 + 20.24 | 45.32 + 16.97 | 44.74 + 17.37
NC_002940 0.38 | 47.78 £ 19.83 | 48.07 + 20.03 | 42.55 + 14.85 | 45.06 £ 18.51
NC_003210 0.38 47.12 £+ 19.18 | 47.17 £+ 19.09 | 43.24 £+ 15.31 | 45.47 + 16.73
NC_003869 | 0.38 | 44.55 £+ 16.74 | 45.82 £+ 17.81 | 43.99 &+ 16.02 | 43.43 £ 16.50
NC_004668 0.38 | 46.75 + 19.00 | 46.31 + 18.35 | 44.04 + 16.29 | 43.17 £ 16.72
NC002737 | 0.39 |[47.47 £ 19.38 | 47.03 + 18.96 | 43.12 + 14.77 | 42.70 + 18.50
NC_000912 0.40 | 49.03 £+ 20.59 | 48.08 + 20.21 | 41.34 + 13.54 | 45.38 + 18.01
NC.002620 0.40 46.10 + 18.93 | 45.45 + 18.35 | 41.26 + 13.15 | 48.69 + 19.45
NC_002689 | 040 |45.43 +£17.11 | 48.51 £+ 19.85 | 44.03 + 15.41 | 47.28 + 19.85

Continues on next page.
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Average cSpacing continued. ..
Accession | Global CDS NC rRNA tRNA
Number | G4+C cSpacing cSpacing cSpacing cSpacing
NC_002696 0.67 54.02 & 25.61 | 49.57 £ 21.80 | 46.21 £ 17.95 | 45.50 &+ 17.35
NC_002927 0.68 55.04 &+ 27.20 | 49.55 £ 21.92 | 43.50 £ 16.51 | 45.02 & 16.63
NC_002928 0.68 54.90 £ 27.10 | 49.35 £+ 21.41 | 42.13 + 15.33 | 44.76 £ 16.38
NC_002929 0.68 55.39 &+ 27.47 | 49.99 £ 22.14 | 43.37 & 16.47 | 45.02 £ 16.46

Table A.10: This table presents the average cSpacing values and their standard devi-

ations measured in the various genomic domains of the genomes in our test set. The

search parameters applied by the stem-loop search algorithm to generate these values

are cited in Table 3.2 on page 31. The only exceptions are that the minimum GC base

pair content is set to 0% and the maximum GU base pair content is set to 100%. The

values in this table are graphed in Figure 7.2 on page 102.
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A.12 Average fSpacing under alternate search parameters -

see caption.

Accession | Global CDS NC rRNA tRNA
Number G+C fSpacing fSpacing fSpacing fSpacing
NC_002162 0.25 10.31 £ 5.04 | 10.28 & 5.28 | 9.89 + 4.91 | 9.51 + 4.43
NC_002528 | 0.26 10.17 £ 5.09 | 9.88 + 4.88 | 10.03 £ 4.95 | 10.02 £ 5.36
NC_001318 | 0.29 10.47 £+ 5.69 | 10.66 & 5.74 | 9.65 £ 4.58 | 9.41 + 5.26
NC_003366 | 0.29 10.42 £+ 5.20 | 10.43 &+ 5.28 | 10.13 £+ 4.57 | 9.29 £ 4.66
NC_004557 | 0.29 10.57 £ 5.41 | 10.54 + 5.43 | 10.19 + 4.76 | 10.07 + 4.66
NC_000909 | 0.31 11.15 £ 6.02 | 10.77 £ 5.93 | 10.01 £ 5.22 | 9.67 + 4.72
NC_003030 0.31 10.54 £ 5.39 | 10.57 £ 5.47 | 10.31 £ 4.98 | 9.93 £ 4.89
NC_003103 0.32 10.43 £ 5.33 | 10.44 £+ 5.34 | 10.32 £ 5.62 | 9.78 X+ 4.62
NC_003106 0.33 10.77 £ 5.78 | 10.41 £+ 5.60 | 10.36 + 5.15 | 9.63 *+ 4.69
NC_003923 0.33 10.43 £+ 5.23 | 10.42 + 5.24 | 9.75 £ 4.93 | 11.75 + 4.19
NC_005791 0.33 10.30 £+ 5.05 | 10.24 + 5.34 | 9.98 £+ 5.25 | 9.66 + 5.03
NC_003997 | 0.35 10.63 £+ 5.67 | 10.69 + 5.88 | 10.21 + 4.72 | 8.98 + 4.25
NC_004722 | 0.35 10.60 £+ 5.71 | 10.64 £ 5.79 | 10.21 £+ 4.67 | 9.53 &+ 4.65
NC_.003909 0.36 10.64 £+ 5.85 | 10.69 £ 6.00 | 10.17 £ 4.70 | 9.37 + 4.46
NC_004368 | 0.36 10.30 £+ 5.24 | 10.35 + 5.29 | 10.31 + 4.98 | 9.30 £+ 4.30
NC_003212 0.37 10.65 + 5.64 | 10.57 &+ 5.66 | 9.95 &+ 4.69 | 9.45 + 4.50
NC.004350 | 0.37 10.35 £ 5.34 | 10.30 £ 5.41 | 9.97 £ 5.22 | 9.40 X+ 4.59
NC_000907 0.38 10.39 £+ 5.37 | 10.49 £ 5.70 | 11.13 £+ 6.46 | 9.98 + 4.97
NC_002940 | 0.38 10.57 £ 5.42 | 10.40 &+ 5.43 | 10.13 + 5.22 | 10.77 £ 5.67
NC.003210 | 0.38 10.62 £+ 5.66 | 10.66 + 5.78 | 10.01 £ 4.70 | 9.27 &+ 4.30
NC_003869 | 0.38 10.98 £ 6.11 | 10.83 &+ 5.94 | 10.61 & 5.52 | 9.06 + 4.57
NC_004668 | 0.38 10.47 £ 541 | 10.54 & 5.74 | 10.54 £ 6.11 | 9.52 £ 4.58
NC_002737 0.39 10.35 £ 5.25 | 10.32 £ 5.39 | 10.37 £ 5.14 | 9.39 &+ 4.38
NC_000912 | 0.40 10.47 £ 5.21 | 10.49 + 5.42 | 10.80 £+ 5.45 | 8.95 & 4.15
NC_002620 0.40 10.34 £ 5.59 | 10.20 £ 5.48 | 10.47 £ 5.04 | 9.99 + 4.75
NC.002689 | 0.40 10.54 £+ 5.50 | 10.35 &+ 5.39 | 10.50 £+ 4.99 | 9.94 &+ 4.84

Continues on next page.
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Accession | Global CDS NC rRNA tRNA
Number | G+C fSpacing fSpacing fSpacing fSpacing
NC_000922 0.41 10.41 £+ 5.55 | 10.29 £+ 5.61 | 1047 £ 5.07 | 9.73 £+ 5.22
NC_002179 0.41 10.45 + 5.66 | 10.39 + 5.62 | 9.42 + 4.48 | 9.36 + 4.78
NC_003901 0.41 10.42 + 5.80 | 11.01 + 7.16 | 10.01 £ 4.96 | 10.27 £+ 5.39
NC_005043 0.41 10.39 £+ 5.53 | 10.38 + 5.73 | 10.41 £ 5.06 | 9.71 £+ 5.22
NC_000918 0.43 10.84 £ 597 | 11.22 £ 6.50 | 9.52 £ 4.30 | 10.15 + 5.59
NC_004663 0.43 10.39 + 5.46 | 10.74 + 5.89 | 10.30 + 4.90 | 9.39 + 4.83
NC_.000964 0.44 10.53 £+ 5.57 | 10.68 + 5.93 | 9.78 + 4.64 | 9.69 £+ 4.59
NC_000853 0.46 10.52 £ 5.62 | 10.59 + 5.87 | 9.85 + 4.56 | 10.46 £+ 6.11
NC_003143 0.48 10.45 £+ 5.38 | 10.70 £ 5.77 | 10.26 + 5.42 | 10.59 + 5.61
NC_004088 0.48 10.47 + 5.40 | 10.67 + 5.72 | 10.51 + 5.54 | 10.53 £+ 5.38
NC_000917 0.49 11.21 + 6.30 | 10.95 + 6.11 | 10.25 + 4.10 | 10.49 £+ 3.91
NC_000916 0.50 10.41 + 545 | 10.54 + 5.86 | 11.90 £ 798 | 9.91 £+ 5.14
NC_004431 0.50 10.42 £ 5.33 | 10.45 £ 5.42 | 10.34 + 5.38 | 10.37 £ 5.29
NC_000913 0.51 10.43 £+ 5.34 | 10.46 + 5.53 | 10.41 £ 5.38 | 10.24 + 5.32
NC.002695 0.51 10.45 + 5.38 | 10.55 + 5.56 | 10.67 £ 5.55 | 10.78 £ 5.95
NC_004741 0.51 10.37 £ 5.28 | 10.49 + 5.44 | 9.58 + 4.89 | 9.80 £+ 5.16
NC_003197 0.52 10.34 +£ 5.24 | 10.44 £ 5.51 | 10.71 + 5.75 | 9.84 + 4.88
NC_003198 0.52 10.35 £ 5.27 | 10.46 £ 5.53 | 9.80 £ 4.88 | 9.93 + 5.09
NC_004556 0.52 10.99 + 6.22 | 11.51 = 7.41 | 1048 + 5.24 | 11.06 + 6.63
NC_000919 0.533 10.58 +£ 5.83 | 11.00 + 6.42 | 11.28 + 6.18 | 10.99 + 6.70
NC_002488 0.53 11.24 £ 647 | 11.75 £ 7.82 | 10.52 + 5.30 | 11.10 £+ 5.95
NC_002935 0.53 10.57 £ 5.61 | 10.91 + 6.10 | 10.45 £+ 5.52 | 10.14 £+ 5.29
NC_002932 0.57 10.35 + 5.30 | 10.78 = 6.04 | 10.25 + 5.13 | 9.85 £+ 5.03
NC_004307 | 0.60 10.45 £ 5.28 | 10.84 £ 5.79 | 10.96 + 5.50 | 9.52 + 4.89
NC_002939 0.61 10.23 £+ 5.18 | 10.58 + 5.63 | 10.35 + 4.98 | 10.37 £+ 4.96
NC_004369 | 0.63 10.35 + 5.21 | 10.59 + 5.64 | 9.90 + 4.75 | 10.24 + 5.56
NC.003919 0.65 10.41 £ 5.15 | 10.57 £ 5.43 | 9.80 £ 4.89 | 9.80 + 4.92
NC_005085 0.65 10.40 £+ 5.18 | 10.65 £+ 5.70 | 9.99 + 4.86 | 10.20 + 4.87

Continues on next page.
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Average fSpacing continued. ..
Accession | Global CDS NC rRNA tRNA
Number | G4+C fSpacing fSpacing fSpacing fSpacing
NC.002696 | 0.67 | 10.30 £ 5.06 | 10.41 + 5.33 | 10.14 + 4.48 | 9.89 + 4.78
NC_002927 | 0.68 10.37 +£ 5.12 | 10.49 + 5.40 | 9.87 + 4.79 | 10.17 £+ 5.15
NC_002928 | 0.68 | 10.36 £+ 5.13 | 10.49 £+ 5.39 | 10.12 + 5.00 | 10.49 + 5.45
NC.002929 | 0.68 | 1040+ 5.14 | 10.55 £ 5.50 | 9.82 £ 4.77 | 9.83 £ 5.05

Table A.11: This table presents the average fSpacing values and their standard devi-
ations measured in the various genomic domains of the genomes in our test set. The
search parameters applied by the stem-loop search algorithm to generate these values
are cited in Table 3.2 on page 31. The only exceptions are that the minimum GC base
pair content is set to 0% and the maximum GU base pair content is set to 100%. The

values in this table are graphed in Figure 7.3 on page 103.



Appendix B

Stem-loop Metric Results on
Shuffled Genomes

This appendix presents the results obtained when the various stem-loop metrics were mea-
sured on random sequences. The random sequences were generated by shuffling each of
the 58 genomes in our working set. To shuffle a genome, a nucleotide within the sequence
is randomly selected. This nucleotide is appended onto the end of another string (call it
shuffled_string, for instance). This is repeated until each nucleotide has been randomly
purged from the genomic sequence and appended onto the shuffled string.

The graphs presented in Chapter 5 were generated by plotting four points for each of
the genomes. One for each of the genomic domains - CDS, NC, rRNA, and tRNA. Now
in addition to the CDS, NC, rRNA, and tRNA points for each genome, there is a 5% data

point. It depicts the results obtained after randomly shuffling the genome.

B.1 Base Pairs Metric - bps

The plot for the average bps in randomly shuffled sequences is included in Figure B.1. The
random values appear to roughly correspond with the NC plot more than the CDS, rRNA,
or tRNA plots. The random bps plot intersects with the TRNA plot at roughly 52% global
G+C content. This is the most significant observation in Figure B.1.

Recall, the genomic sequence and its shuffled or randomized counterpart have the same
global G+C content. In Chapter 5, Figure 5.1 showed that the G+C content levels are not

143
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Average Number of Base Pairs vs. G+C Content
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Figure B.1: Average number bps in stems-loops arising from various genomic domains.
In addition to the plots in Figure 5.2 this graph shows the average bps found in random
sequences across the G+C content spectrum. The corresponding data is presented in Ap-
pendices A.4 and C.1.
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uniform across the genomic domains - CDS, NC, rRNA, and tRNA - within most genomic
sequences. This is especially true of A+T rich and G+C rich sequences. The CDS domains
comprise the vast majority of the bacterial genomes (roughly 90% or more). Therefore, the
G+C content in the randomized genomic sequences will more closely resemble CDS. The
differences observed in metric values between the genomic domains and the randomized
genomic sequences is in large part related to differences in G+C content levels. This caveat
is important to remember when studying the following figures.

The average G+C content in structural RNA genes is approximately 53% (Table 5.1).
When the G+C content in random sequences and the genomic domains is roughly equivalent,
the difference in their respective bps values diminishes greatly (Figure B.1). Interestingly, at
50-55% G+C, the bpscpg values deviate more from bps,qndom then bps,rnv 4. This suggests
that the bps metric is more apt at distinguishing CDS regions from random sequences than
it is at distinguishing structural RNAs from random sequences when the G4+C content is
50-55%.

A more rigorous statistical comparison between random sequences and genomic se-
quences can be based on the Normal Standard Distribution. This involves calculating the Z
Score for each genomic domain. The Z Score indicates how many standard deviations the
mean (e.g. Topg) deviates from the random mean, Trondom- Suppose Zyc = 1.0, this indi-
cates its average value for the NC domain is 1 standard deviation greater than the random
sequence mean. Likewise, suppose Z,gy4 = —2.0, this indicates the average rRNA value is
2 standard deviations less than the random sequence average. Generally, a “significant” Z
Score occurs when Z < —3.0 or Z > 3.0.

Figure B.2 depicts the Z Scores for the genomic domains with respect to random se-
quences. As depicted in the earlier figure, the G4+C content is equivalent, there is less
disparity between the respective bps values with the exception of CDS (Figure B.2 and
Appendix C.7). In most cases when the global G+C content is 50-55%, the Z,gn4 values
are significant (Appendix C.7). However, the Z,qndom and Zeps or Zyce are typically more

significant.

B.2 Span Metric - span

The results attained using the span metric on the randomly shuffled genomes are shown in

Figure B.3. The Normal Standardized Z Scores are depicted in Figure B.4. These graphs
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Z Score (Base pairs) vs. G+C Content
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Figure B.2: bps Z Scores relative to random sequences. Random sequences were generated
by randomly shuffling the genomic sequences in our working set. The corresponding data is

presented in Appendix C.7.
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Average Span vs. G+C Content
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Figure B.3: Average Stem-loop span vs. G+C content including random sequences. The
corresponding data is presented in Appendices A.5 and C.2.

and their trends mirror those of the bps metric. Rather than repeating the explanation let’s

look at the next metric.

B.3 Center Point Spacing Metric - cSpacing

The average cSpacing values observed in the randomly shuffled sequences are depicted in
Figure B.5. These values appear to loosely coincide with those for the CDS and NC domains.
The rRNA c¢Spacing values are lower than the random sequence cSpacing values with
only one exception - NC_002935, which has a global G+C content of 53% (Appendix A.6).
Figure B.6 conveys the same information in terms of Normal Standardized Z Scores. Note,
the cSpacing,.pnya values continue to differ significantly from the random sequences when
their G+C content levels are similar (Appendix C.9). Interestingly, at 50-55% G+C, the

Zcps and Zne values are typically more significant than the Z,.gn4 values.
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Z Score (span) vs. G+C Content
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Figure B.4: span Z Scores relative to random sequences. The corresponding data is pre-

sented in Appendix C.8.
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Average cSpacing vs. G+C Content
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Figure B.5: Average stem-loop ¢Spacing vs. G+C content - including random sequences.
The corresponding data is presented in Appendices A.6 and C.3
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Z Score (cSpacing) vs. G+C Content
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Figure B.6: cSpacing Z Scores relative to random sequences. The corresponding data is

presented in Appendix C.9.
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Average fSpacing vs. G+C Content
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Figure B.7: Average fSpacing vs. G+C content - including random sequences. The corre-
sponding data is presented in Appendices A.7 and C.4.

B.4 Foot Spacing Metric - fSpacing

The average fSpacing values for randomly shuffled sequences are plotted in Figure B.7. The
Normal Standardized Z Scores for the fSpacing metric are plotted in Figure B.8. When the
G+C content is 50-55%, the fSpacing.gn 4 values are usually significant (Appendix C.10).
At the same G+C content levels, the Z Scores for the CDS and NC domains are typically

more significant.

B.5 (cSpacing x bps) Metric

The average (cSpacing X bps) values in random sequences are shown in Figure B.9. The
Normalized Z Scores are plotted in Figure B.10. The Z,.gn 4 values are significantly negative
when the difference in G+C content between rRNA and the random sequence is negligible

(Appendix C.11). Conversely, the Zopg values are significantly positive under the same



APPENDIX B. STEM-LOOP METRIC RESULTS ON SHUFFLED GENOMES 152

Z Score (fSpacing) vs. G+C Content
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Figure B.8: fSpacing Z Scores relative to random sequences. The corresponding data is
presented in Appendix C.10.
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Average (cSpacing * bps) vs. G+C Content
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Figure B.9: Average (cSpacing X bps) vs. G+C content - including random sequences

circumstances.

B.6 (fSpacing x bps) Metric

The average ( fSpacing x bps) values observed in randomly shuffled sequences over the G+C
content spectrum is depicted in Figure B.11. The Normalized Z Scores are plotted in Fig-
ure B.10. The results are similar to the previous metric. The Z,.gn 4 values are significantly
negative when the difference in G+C content between rRNA and the random sequence is
negligible (Appendix C.11). Conversely, the Zcps values are significantly positive under

the same circumstances.
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Z Score (cSpacing * bps) vs. G+C Content
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Figure B.10: (cSpacing X bps) Z Scores relative to random sequences. The corresponding
data is presented in Appendix C.11.
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Average (fSpacing * bps) vs. G+C Content
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Figure B.11: Average ( fSpacing x bps) vs. G+C content - including random sequences.
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( fSpacing x bps) Z Scores relative to random sequences. The corresponding
data is presented in Appendix C.12.
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B.7 Review

Z Scores for various metrics have been tabulated to study stem-loop metrics as they occur
in random sequences. The point of interest occurs where the base composition is equivalent
between naturally occurring sequences and their randomized counterparts. Here we know
that differences seen in their metric values cannot be attributed to dicrepancies in base
composition.

Typically, metric values found in rRNAs differ significantly from random sequences with
the same base composition. Interestingly, the CDS and NC values commonly deviated more
significantly from the random sequences than the TRNAs. This could indicate an importance
in secondary structure along protein-encoding genes or transcripts. More study is required

to understand the meaning or significance of these observations.



Appendix C

Stem-loop Metric Data on Shuffied

Genomes

C.1

Average bps in Random Sequences Across G+C Content

Spectrum

l GlobalG+C | Average bps I

0.25 5.75 £ 1.72
0.26 5.79 =+ 1.78
0.29 593 £+ 1.93
0.29 5.95 + 1.95
0.29 5.96 + 1.92
0.31 6.11 £+ 2.11
0.31 6.14 + 2.16
0.32 6.25 £ 2.24
0.33 6.25 £ 2.26
0.33 6.26 L+ 2.26
0.33 6.32 £ 2.31
0.35 6.51 + 2.52
0.35 6.52 + 2.53

Continues on next page.
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Average bps continued. ..

Global G+C | Average bps
0.36 6.53 £ 2.54
0.36 6.50 + 2.54
0.37 6.66 = 2.68
0.37 6.74 + 2.78
0.38 6.75 £ 2.78
0.38 6.77 £ 2.80
0.38 6.79 + 2.84
0.38 6.81 £ 2.85
0.38 6.83 £ 2.88
0.39 6.87 + 2.93
0.40 7.08 £ 3.15
0.40 7.08 £ 3.10
0.40 7.13 £ 3.22
0.41 7.16 + 3.21
0.41 7.16 £+ 3.22
041 7.17 &+ 3.25
0.41 7.28 £+ 3.35
0.43 7.49 £ 3.58
0.43 7.61 £ 3.70
0.44 7.61 £ 3.70
0.46 8.10 £ 4.24
0.48 842 £ 4.56
0.48 8.42 £+ 4.57
0.49 8.65 £+ 4.82
0.50 8.85 + 5.01
0.50 9.13 £ 5.33
0.51 9.14 + 5.33
0.51 9.21 £+ 5.40
0.51 9.27 £ 5.46

Continues on next page.
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Average bps continued. ..

’Elobal G+C | Average bps

0.52 943 £ 5.62
0.52 9.56 + 5.76
0.52 9.62 = 5.83
0.53 9.31 £ 5.52
0.53 9.70 £+ 5.93
0.53 9.98 + 6.22
0.57 11.07 £ 7.31
0.60 12.35 + 8.57
0.61 12.62 £ 8.82
0.63 13.51 + 9.69
0.65 14.18 £+ 10.30
0.65 14.20 + 10.32
0.67 15.24 + 11.30
0.68 15.32 £ 11.38
0.68 15.32 £ 11.39
0.68 15.39 £ 11.44

160

Table C.1: This table presents the average bps values and their standard deviations

measured when the genomes in our test set are randomly shuffled. The search param-

eters applied by the stem-loop search algorithm to generate these values are cited in

Table 3.2 on page 31. The values in this table are graphed in Figure B.1 on page 144.
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C.2 Average span in Random Sequences Across G+C Con-

tent Spectrum

l GlobalG+C | Average span |

0.25 21.51 £ 6.25
0.26 21.60 + 6.36
0.29 22.13 £+ 6.78
0.29 22.19 £ 6.81
0.29 22.19 £ 6.89
0.31 22712 £7.29
0.31 22.82 + 7.45
0.32 2320771
0.33 23.18 £ 7.73
0.33 23.22 £ 7.73
0.33 23.37 £ 7.88
0.35 24.03 £+ 8.47
0.35 24.06 + 8.50
0.36 24.09 + 8.55
0.36 24.15 £ 8.54
0.37 24.56 = 8.97
0.37 24.76 £ 9.22
0.38 24.81 £ 9.21
0.38 24.87 + 9.28
0.38 24.96 + 9.41
0.38 25.05 £ 9.52
0.38 25.00 + 9.45
0.39 25.19 £ 9.66
0.40 25.86 + 10.29
0.40 25.89 £+ 10.18
0.40 26.03 £ 10.54
0.41 26.13 £+ 10.51

Continues on next page.
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Average span continued. ..

Global G4+C | Average span
041 26.14 + 10.62
0.41 26.16 £ 10.56
0.41 26.54 + 10.96
0.43 27.20 + 11.64
0.43 27.57 £ 11.96
0.44 27.57 + 12.00
0.46 29.20 + 13.66
0.48 30.21 + 14.65
0.48 30.22 + 14.70
0.49 30.95 £ 15.48
0.50 31.60 £ 16.10
0.50 32.51 + 17.05
0.51 32.53 + 17.05
0.51 32.75 + 17.30
0.51 32.95 + 17.46
0.52 33.48 + 18.04
0.52 33.87 + 18.46
0.52 34.08 + 18.63
0.53 33.32 £ 17.85
0.53 34.39 &+ 19.02
0.53 35.24 + 19.92
0.57 38.72 £+ 23.33
0.60 42.81 £ 27.40
0.61 43.72 + 28.26
0.63 46.55 + 31.02
0.65 48.72 + 33.02
0.65 48.70 + 33.00
0.67 51.98 + 36.10
0.68 52.25 £ 36.33

Continues on next page.
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Average span continued. ..

Global G4+C | Average span

0.68 52.25 £ 36.35
0.68 52.49 £ 36.54

Table C.2: This table presents the average span values and their standard deviations

measured when the genomes in our test set are randomly shuffled. The search param-
eters applied by the stem-loop search algorithm to generate these values are cited in

Table 3.2 on page 31. The values in this table are graphed in Figure B.3 on page 147.

C.3 Average cSpacing in Random Sequences Across G+4+C

Content Spectrum

| GlobalG+C | Average cSpacing
0.25 154.50 £ 95.30
0.26 142.23 + 83.77
0.29 110.28 + 62.92
0.29 112.46 £ 65.01
0.29 112.54 + 63.47
0.31 90.69 + 49.39
0.31 93.22 4+ 50.82
0.32 83.47 + 43.22
0.33 80.31 + 41.04
0.33 81.50 + 41.68
0.33 82.22 + 42.79
0.35 69.72 + 33.49
0.35 70.31 + 33.87
0.36 68.74 + 32.80
0.36 69.19 + 33.17
0.37 63.02 + 28.69
0.37 64.96 + 29.68

Continues on next page.
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Average cSpacing continued. . .

Global G+C | Average cSpacingJ

0.38 60.85 + 26.64
0.38 61.25 + 26.89
0.38 61.42 &+ 27.44
0.38 62.88 + 28.21
0.38 62.80 L+ 28.18
0.39 60.28 £+ 26.36
0.40 56.07 + 23.44
0.40 56.70 + 23.74
0.40 56.91 £ 24.26
0.41 53.68 £ 21.24
041 55.18 + 22.31
0.41 55.29 £ 22.45
0.41 55.37 £ 22.54
0.43 50.55 + 18.83
0.43 51.50 £ 19.61
0.44 50.51 £ 18.78
0.46 47.74 £+ 16.67
0.48 46.45 £ 15.61
0.48 46.46 £+ 15.68
0.49 45.87 £ 15.05
0.50 45.04 £ 14.49
0.50 45.28 + 14.71
0.51 44.81 £+ 14.25
0.51 44.81 £+ 14.38
0.51 44.88 + 14.35
0.52 44.44 + 14.11
0.52 44.46 £+ 14.10
0.52 44.50 + 14.15
0.53 44.18 + 14.00

Continues on next page.
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Average cSpacing continued. . .

Global G4 C | Average cSpacing

0.53 44.29 £+ 14.05
0.53 44.42 + 14.06
0.57 44.27 £+ 14.43
0.60 45.04 + 15.58
0.61 45.27 + 15.87
0.63 46.15 £+ 16.94
0.65 46.93 + 17.74
0.65 46.90 + 17.71
0.67 48.23 + 19.06
0.68 48.22 £+ 19.18
0.68 48.29 £+ 19.17
0.68 48.36 + 19.26

Table C.3: This table presents the average cSpacing values and their standard devi-
ations measured when the genomes in our test set are randomly shuffled. The search
parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The values in this table are graphed in Figure B.5 on page 149.
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C.4 Average fSpacing in Random Sequences Across G4C

Content Spectrum

| GlobalG+C | Average fSpacing |

0.25 134.27 + 95.18 |
0.26 121.96 + 83.68
0.29 89.55 + 62.78
0.29 91.77 + 64.90
0.29 91.80 + 63.39
0.31 69.47 + 49.16
0.31 72.08 + 50.66
0.32 61.98 + 43.03
0.33 58.69 + 40.79
0.33 60.01 + 41.43
0.33 60.75 + 42.51
0.35 47.62 + 33.18
0.35 48.21 + 33.54
0.36 46.54 + 32.46
0.36 47.05 + 32.81
0.37 40.43 + 28.19
0.37 42.50 + 29.26
0.38 38.07 % 26.06
0.38 38.53 + 26.36
0.38 38.65 + 26.92
0.38 40.15 + 27.70
0.38 40.20 + 27.67
0.39 37.40 + 25.78
0.40 32.60 + 22.65
0.40 33.40 + 23.00
0.40 33.54 + 23.58
0.41 29.91 + 20.36

Continues on next page.



APPENDIX C. STEM-LOOP METRIC DATA ON SHUFFLED GENOMES

Average fSpacing continued. ..

l Global G4C | Average fSpacing |

041 31.65 + 21.59
0.41 31.78 £ 21.66
0.41 31.82 £ 21.78
0.43 26.12 £ 17.66
0.43 27.31 £ 18.51
0.44 26.10 £+ 17.58
0.46 22.31 £ 15.01
0.48 20.44 £ 13.57
0.48 20.45 + 13.49
0.49 19.42 + 12.63
0.50 17.71 £ 11.38
0.50 18.47 £+ 11.93
0.51 17.23 + 10.90
0.51 17.35 £ 11.10
0.51 17.53 + 11.17
0.52 16.25 + 10.22
0.52 16.37 + 10.28
0.52 16.65 £ 10.52
0.53 15.35 £ 9.43
0.53 15.94 £ 9.95
0.53 16.64 + 10.50
0.57 13.58 £ 7.98
0.60 12.30 £+ 6.87
0.61 12.04 + 6.66
0.63 11.46 + 6.14
0.65 11.13 £ 5.82
0.65 11.13 + 5.85
0.67 10.75 £ 5.50
0.68 10.67 £ 5.43

Continues on next page.
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Average fSpacing continued. ..
| Global G4-C | Average fSpacing
0.68 10.69 £+ 5.44
0.68 10.70 + 5.44
Table C.4: This table presents the average fSpacing values and their standard devi-

ations measured when the genomes in our test set are randomly shuffied. The search
parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The values in this table are graphed in Figure B.7 on page 151.

C.5 Average (cSpacing x bps) in Random Sequences Across
G+ C Content Spectrum

GlobalG+C | Average (cSpacing X bps)
0.25 893.11 + 650.73
0.26 828.77 + 582.24
0.29 661.45 + 458.72
0.29 670.98 + 462.76
0.29 674.69 + 458.24
0.31 564.11 + 394.53
0.31 575.32 + 393.43
0.32 528.48 + 358.53
0.33 515.87 + 354.42
0.33 518.04 + 350.99
0.33 521.83 + 363.28
0.35 463.06 + 315.75
0.35 466.57 + 318.48
0.36 459.30 £ 313.53
0.36 461.42 + 317.91
0.37 436.14 + 310.08
0.37 443.01 + 302.76

Continues on next page.
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Average (cSpacing X bps) continued. ..

Global G4+C | Average (cSpacz'ng % bps)
0.38 427.49 + 298.04
0.38 427.67 £+ 300.55
0.38 430.52 + 303.31
0.38 435.23 + 303.60
0.38 437.73 £+ 306.89
0.39 427.07 £+ 303.62
0.40 416.11 + 310.10
0.40 416.50 + 302.55
0.40 417.68 £+ 302.23
0.41 407.46 + 301.27
041 409.48 + 294.12
0.41 411.58 + 302.37
041 412.62 + 300.41
0.43 405.03 + 309.95
0.43 405.00 + 313.06
0.44 404.89 + 313.29
0.46 413.53 £ 343.50
0.48 422.91 + 367.87
0.48 423.00 + 367.90
0.49 432.01 + 387.04
0.50 439.72 + 404.35
0.50 454.83 + 432.82
0.51 454.14 + 432.60
0.51 457.93 + 441.05
0.51 461.31 + 444.62
0.52 468.41 + 461.85
0.52 475.97 + 477.10
0.52 479.81 + 481.34
0.53 460.90 + 450.01

Continues on next page.
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Average (cSpacing X bps) continued. . .

Global G+C | Average (cSpacing X bps) l
0.53 484.40 + 495.35
0.53 500.76 + 524.25
0.57 573.39 £+ 655.29
0.60 671.04 + 827.91
0.61 693.53 + 868.95
0.63 771.22 + 1000.18
0.65 832.41 + 1102.95
0.65 833.89 £ 1108.87
0.67 936.06 + 1283.84
0.68 943.01 £+ 1301.13
0.68 943.50 £+ 1292.37
0.68 950.77 £ 1311.21
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Table C.5: This table presents the average (cSpacing X bps) values and their standard

deviations measured when the genomes in our test set are randomly shuffled. The search

parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The values in this table are graphed in Figure B.9 on page 153.
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C.6 Average (fSpacing x bps) in Random Sequences Across
G+ C Content Spectrum

GlobalG+C | Average ( fSpacing x bps)
0.25 772.59 + 627.85
0.26 706.99 X+ 555.96
0.29 532.59 + 428.33
0.29 543.05 + 433.36
0.29 545.79 + 428.36
0.31 427.08 £ 355.30
0.31 439.69 + 356.76
0.32 386.89 + 314.93
0.33 371.29 + 307.28
0.33 375.98 + 306.18
0.33 380.29 + 318.33
0.35 309.64 + 258.61
0.35 313.42 + 261.04
0.36 304.35 + 255.63
0.36 307.32 + 259.20
0.37 272.55 £+ 237.58
0.37 282.73 + 236.68
0.38 259.88 + 222.43
0.38 261.26 + 222.13
0.38 263.32 + 227.42
0.38 271.06 + 231.22
0.38 272.70 £ 233.50
0.39 257.09 + 221.80
0.40 233.26 + 209.72
0.40 236.94 + 208.22
0.40 237.79 + 210.22
041 217.49 £+ 190.58

Continues on next page.
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Average ( fSpacing x bps) continued. . .

Global G+C | Average (fSpacing x bps)
0.41 925.64 + 194.09
0.41 997.92 + 201.79
0.41 998.05 + 197.60
0.43 198.62 + 177.71
0.43 204.57 + 182.58
0.44 108.54 + 177.09
0.46 180.25 + 164.47
0.48 172.13 + 160.71
0.48 172.10 + 159.74
0.49 167.69 + 155.87
0.50 161.49 + 151.92
0.50 163.69 + 154.44
0.51 159.60 + 150.52
0.51 159.97 + 152.21
0.51 160.43 + 151.08
0.52 156.14 + 147.49
0.52 156.27 + 148.20
0.52 157.00 + 149.57
0.53 152.76 + 144.42
0.53 154.72 + 144.92
0.53 154.94 + 150.21
0.57 150.33 + 145.47
0.60 151.62 + 146.84
0.61 151.62 + 146.57
0.63 154.79 + 151.71
0.65 157.45 + 152.77
0.65 157.74 + 153.21
0.67 163.55 + 159.57
0.68 163.28 + 158.83

Continues on next page.
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Average ( fSpacing x bps) continued. . .

Global G4+C

Average ( fSpacing x bps)

0.68

163.71 £+ 159.57

0.68

164.35 £+ 160.43
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Table C.6: This table presents the average ( fSpacing x bps) values and their standard

deviations measured when the genomes in our test set are randomly shuffled. The search

parameters applied by the stem-loop search algorithm to generate these values are cited

in Table 3.2 on page 31. The values in this table are graphed in Figure B.11 on page 155.

C.7 bps - Z Score Data

Accession | Global CDS NC rRNA tRNA
Number G+4+C | Z Score | Z Score | Z Score | Z Score
NC_002162 0.25 10.08 7.25 10.80 10.25
NC_002528 0.26 8.73 5.78 13.63 10.09
NC_001318 0.29 8.05 4.19 11.69 5.47
NC_003366 0.29 6.73 20.3 42.8 20.75
NC_004557 0.29 6.96 21.67 31.19 12.92
NC_000909 0.31 1.41 18.70 35.58 19.16
NC_003030 0.31 -2.33 16.88 37.89 14.95
NC_003103 0.32 16.06 18.65 9.32 8.41
NC_003106 0.33 6.64 8.66 24.63 21.62
NC_003923 0.33 11.71 23.99 26.71 2.55
NC_005791 0.33 7.80 -2.68 25.55 13.86
NC_003997 0.35 14.54 23.40 34.57 15.51
NC_004722 0.35 16.58 27.83 36.38 17.07
NC_003909 0.36 25.45 13.62 35.84 13.82
NC_004368 0.36 2.74 7.31 23.77 8.15
NC_003212 0.37 12.49 11.96 24.94 12.22
NC_004350 0.37 14.78 4.22 21.43 10.38

Continues on next page.
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bps Z Scores continued. . .

Accession | Global CDS NC rRNA tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_000907 0.38 16.74 7.35 17.88 9.44
NC_002940 0.38 20.82 9.67 15.81 10.22
NC_003210 0.38 15.02 10.14 23.98 11.86
NC_003869 0.38 2.77 19.77 31.26 14.69
NC_004668 0.38 29.77 21.74 18.94 7.98
NC_002737 0.39 10.29 1.21 17.36 7.05
NC_000912 0.40 27.34 8.60 -0.48 4.64
NC_002620 0.40 -13.97 -3.45 4.63 7.01
NC_002689 0.40 4.82 -11.81 10.24 12.11
NC_000922 041 -4.11 -7.53 2.05 3.66
NC_002179 0.41 -3.41 -3.11 5.90 3.02
NC_.003901 0.41 73.45 -18.79 19.48 13.08
NC_005043 0.41 -4.68 -6.81 1.83 3.66
NC_000918 0.43 -12.16 -8.01 28.85 13.38
NC.004663 0.43 74.46 13.74 10.34 2.33
NC_000964 0.44 55.52 -5.00 20.31 7.51
NC_000853 0.46 -22.6 -7.54 14.72 10.27
NC.003143 0.48 81.79 -27.97 7.38 1.59
NC_004088 0.48 79.31 -17.58 8.92 -0.98
NC_000917 0.49 -18.87 -8.74 0.90 2.97
NC_000916 0.50 28.28 -25.26 1.84 6.17
NC_004431 0.50 100.67 7.80 -4.28 -5.73
NC_000913 0.51 99.79 -12.77 -5.17 -2.53
NC_002695 0.51 117.23 -11.12 -4.92 -0.34
NC.004741 0.51 84.07 -3.37 -2.07 0.27
NC_003197 0.52 118.64 -16.12 -9.50 -7.05
NC_003198 | 0.52 117.16 -37.32 -5.49 -4.07
NC_004556 0.52 65.76 -19.96 -7.64 -1.03

Continues on next page.
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bps Z Scores continued. ..

Accession | Global CDS NC rRNA tRNA
Number | G4+C | Z Score | Z Score | Z Score | Z Score
NC_000919 0.53 12.04 7.79 -13.10 4.95
NC_002488 0.53 90.18 -1.14 -7.04 -0.38
NC_002935 0.53 54,51 -16.63 -5.74 -0.94
NC_002932 0.57 111.29 -25.06 -15.71 -10.87
NC_004307 { 0.60 117.93 4.31 -14.40 -12.90
NC_002939 0.61 56.91 -38.97 -26.37 -15.74
NC_004369 0.63 93.03 -36.14 -44.28 -4.90
NC_003919 0.65 246.44 50.87 -25.97 -19.61
NC.005085 0.65 204.43 -16.33 -76.96 -28.30
NC_002696 0.67 174.89 -21.58 -26.60 -12.96
NC_002927 | 0.68 242.60 -22.81 -48.73 -26.82
NC_002928 | 0.68 230.51 -19.95 -52.65 -25.53
NC.002929 | 0.68 216.39 -23.67 -48.60 -18.56

Table C.7: This table presents the Z scores of the average bps values in the various
genomic domains of the genomes in our test set. These values were calculated using the
tables in Appendices A.4 and C.1. The values in this table are graphed in Figure B.2
on page 146.
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C.8

span - Z Score Data

Accession | Global CDS NC rRNA | tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_002162 | 0.25 6.12 4.25 10.59 10.28
NC_002528 | 0.26 6.98 3.27 13.84 9.75
NC_.001318 | 0.29 4.66 3.29 10.90 5.31
NC_003366 | 0.29 2.70 11.13 40.90 19.69
NC_004557 0.29 2.40 13.57 30.14 12.74
NC_000909 0.31 -1.10 14.76 34.97 18.98
NC_003030 0.31 -4.51 6.81 37.29 15.08
NC_003103 | 0.32 16.08 15.32 9.39 8.07
NC_003106 | 0.33 2.72 5.86 24.56 21.25
NC_003923 | 0.33 5.54 15.83 26.14 2.40
NC_005791 0.33 4.78 -5.28 25.54 13.51
NC.003997 | 0.35 7.30 5.47 33.72 14.57
NC_004722 0.35 11.67 11.41 35.42 16.09
NC.003909 | 0.36 19.86 9.31 34.88 13.18
NC_004368 | 0.36 -3.86 -3.60 22.94 8.43
NC_003212 | 0.37 13.72 0.89 24.19 11.52
NC_004350 | 0.37 8.69 -4.12 20.92 9.75
NC_000907 | 0.38 11.45 0.57 17.90 8.41
NC_002940 0.38 16.46 3.39 15.68 9.26
NC_003210 | 0.38 15.34 -1.75 23.18 11.14
NC_003869 0.38 -1.19 12.89 30.47 13.96
NC_004668 0.38 22.32 10.96 18.25 6.94
NC_002737 | 0.39 3.42 -7.01 16.19 7.11
NC_000912 0.40 21.99 6.25 -0.16 3.87
NC.002620 | 0.40 -21.82 -8.87 4.98 6.50
NC_002689 | 0.40 4.64 -12.83 10.34 11.08
NC_000922 | 0.41 -10.95 -12.57 1.70 3.02

Continues on next page.
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span Z Scores continued. ..

Accession | Global | CDS NC rRNA | tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_002179 0.41 -12.38 -8.47 5.47 2.00
NC_003901 0.41 69.56 -24.96 18.64 11.90
NC_005043 | 0.41 -11.47 -11.94 1.43 3.02
NC_000918 0.43 -17.38 -9.35 28.99 13.16
NC_004663 0.43 67.84 -0.10 9.63 1.36
NC_000964 | 0.44 54.24 -18.55 19.42 6.56
NC_000853 0.46 -31.35 -11.79 14.25 9.40
NC_003143 0.48 74.06 -36.92 7.32 0.77
NC_004088 0.48 71.42 -25.48 9.01 -1.81
NC_000917 0.49 -22.45 -9.98 0.73 2.54
NC_000916 0.50 21.58 -27.12 1.64 5.56
NC_004431 0.50 90.70 3.49 -4.34 -5.71
NC_000913 0.51 91.07 -22.41 -5.65 -2.27
NC_002695 0.51 108.74 -19.23 -5.03 -0.11
NC_004741 0.51 75.72 -10.24 -2.30 -0.66
NC_003197 0.52 111.59 -23.44 -9.87 -6.70
NC_003198 0.52 110.37 -46.12 -5.71 -4.16
NC_004556 0.52 55.54 -26.56 -7.39 -1.53
NC_000919 0.53 1.43 5.10 -12.27 4.41
NC_002488 0.53 81.04 -6.69 -7.19 -1.18
NC_002935 0.53 43.56 -25.84 -6.42 -1.43
NC_002932 0.57 106.09 -28.09 -16.98 -12.19
NC_004307 0.60 110.41 -1.13 -12.77 -12.58
NC_002939 0.61 50.90 -42.95 -25.76 -16.23
NC_004369 0.63 80.85 -44.37 -45.77 -5.71
NC_003919 0.65 227.81 42.78 -26.57 -19.49
NC_005085 0.65 186.62 -22.61 -78.02 -28.01
NC_002696 0.67 163.57 -27.32 -26.52 -13.15

Continues on next page.
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span 7 Scores continued. . .

Accession | Global CDS NC rRNA tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_002927 0.68 222.73 -29.84 -48.81 -27.36
NC_002928 0.68 212.10 -26.49 -52.26 -25.15
NC.002929 | 0.68 199.57 -30.36 -48.93 -18.45
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Table C.8: This table presents the Z scores of the average span values in the various

genomic domains of the genomes in our test set. These values were calculated using the

tables in Appendices A.5 and C.2. The values in this table are graphed in Figure B.4

on page 148.

C.9

cSpacing - Z Score Data

Accession | Global CDS NC rRNA tRNA
Number [ G+C | Z Score | Z Score | Z Score | Z Score
NC_002162 0.25 -21.40 -0.82 -127.92 -24.15
NC.002528 0.26 -30.75 2.31 -154.55 -7.09
NC_001318 | 0.29 -16.78 3.66 -82.41 -9.93
NC_003366 | 0.29 -27.97 17.51 -356.85 -26.16
NC_004557 | 0.29 -19.70 6.41 -243.29 -21.75
NC_000909 0.31 -4.09 2.07 -154.78 -1.99
NC_003030 | 0.31 -19.05 23.99 -262.68 -47.24
NC_003103 0.32 -36.16 -3.63 -53.20 -4.87
NC_003106 | 0.33 -11.90 11.66 -71.83 2.93
NC_003923 | 0.33 -42.63 16.79 -173.21 -14.55
NC_005791 0.33 -49.83 13.34 -124.20 -1.99
NC_003997 | 0.35 -42.80 34.25 -167.68 -45.99
NC_004722 0.35 -42.79 29.81 -207.13 -42.07
NC_-003909 | 0.36 -30.98 13.73 -175.02 -40.13
NC_004368 | 0.36 -36.60 17.02 -116.44 -33.28

Continues on next page.
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cSpacing 7 Scores continued. ..

Accession | Global CDS NC rRNA tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_003212 0.37 -40.30 29.54 -111.32 -19.71
NC_004350 0.37 -52.40 17.07 -105.26 -26.22
NC.000907 0.38 -77.05 6.71 -62.03 -4.86
NC_002940 0.38 -69.06 -0.03 -59.26 -3.83
NC_003210 0.38 -42.17 31.57 -102.99 -22.20
NC_003869 0.38 -14.44 12.17 -90.41 -23.57
NC_004668 0.38 -68.77 21.08 -65.42 -24.66
NC_002737 0.39 -63.60 12.49 -74.51 -14.55
NC_000912 0.40 -53.54 7.20 -13.98 -21.03
NC_002620 0.40 -45.60 8.02 -28.47 -5.50
NC_002689 0.40 -36.23 19.75 -29.10 1.78
NC.000922 0.41 -40.94 16.42 -11.32 -8.79
NC_002179 0.41 -42.01 16.71 -16.27 -5.18
NC_003901 041 -147.31 63.15 -27.43 2.2
NC_005043 0.41 -40.76 17.27 -11.4 -8.49
NC_000918 0.43 -24.56 14.33 -23.54 6.55
NC_004663 0.43 -98.73 58.69 -34.82 -4.31
NC_000964 0.44 -76.94 45.30 -78.82 -19.99
NC_000853 0.46 -58.70 8.10 -17.26 -2.95
NC_003143 0.48 -105.19 37.08 -19.61 -8.49
NC.004088 0.48 -103.62 30.34 -13.89 -10.65
NC_000917 0.49 -16.47 20.85 -1.19 2.18
NC_000916 0.50 -48.86 25.93 -12.08 4.14
NC_004431 0.50 -87.07 8.37 -17.51 -4.22
NC_000913 0.51 -80.13 36.00 -15.52 -2.84
NC_002695 0.51 -76.89 37.58 -15.30 -5.51
NC_004741 0.51 -87.25 13.44 -21.03 -8.29
NC_003197 0.52 -54.47 30.50 -10.30 -9.73

Continues on next page.
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eSpacing 7 Scores continued. . .

Accession | Global CDS NC rRNA tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC.003198 0.52 -55.91 31.13 -22.64 -8.96
NC_004556 0.52 3.33 39.50 -11.53 -0.85
NC_000919 0.53 -23.68 0.46 -7.62 -0.13
NC_002488 0.53 24.41 37.40 -9.59 -2.93
NC_.002935 0.53 -24.89 8.43 -7.39 -8.63
NC_.002932 0.57 52.10 18.41 -6.20 -6.09
NC_004307 0.60 77.13 12.61 -11.69 -10.76
NC_002939 0.61 3.08 -0.78 -11.09 -9.26
NC_004369 0.63 50.16 -14.94 -28.70 -5.01
NC_003919 0.65 197.38 47.15 -18.24 -16.47
NC_005085 0.65 164.17 10.20 -29.02 -13.18
NC_002696 0.67 143.59 -17.71 -20.53 -12.47
NC.002927 0.68 209.64 -4.16 -28.01 -18.80
NC_002928 0.68 200.36 -2.49 -25.73 -17.49
NC_002929 0.68 190.20 -2.40 -28.18 -12.99

Table C.9:
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This table presents the Z scores of the average ¢Spacing values in the various

genomic domains of the genomes in our test set. These values were calculated using the

tables in Appendices A.6 and C.3. The values in this table are graphed in Figure B.6

on page 150.
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C.10 fSpacing - Z Score Data

Accession | Global | CDS NC rRNA | tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_002162 0.25 -21.56 -1.01 -133.91 -26.13
NC_002528 0.26 -31.01 1.89 -190.08 -8.13
NC.001318 0.29 -16.85 3.46 -90.81 -11.24
NC_003366 0.29 -27.84 16.99 -465.18 -29.03
NC_004557 0.29 -19.60 5.63 -297.31 -24.17
NC_000909 0.31 -3.55 0.74 -495.98 -4.83
NC_003030 0.31 -18.23 23.70 -350.26 -52.17
NC_003103 0.32 -38.11 -5.69 -66.22 -6.45
NC_.003106 0.33 -11.53 11.21 -156.33 0.48
NC_003923 0.33 -43.15 15.09 -220.26 -29.67
NC_005791 0.33 -49.60 14.02 -226.31 -4.08
NC_003997 0.35 -43.32 33.90 -244.91 -61.19
NC_004722 0.35 -44.12 28.67 -320.36 -52.12
NC_003909 0.36 -34.77 12.21 -259.61 -50.43
NC_004368 0.36 -35.30 17.61 -156.80 -38.09
NC_003212 0.37 -43.15 29.62 -171.55 -26.68
NC_004350 0.37 -53.00 18.10 -152.85 -32.12
NC_000907 0.38 -79.68 7.10 -84.34 -7.08
NC_002940 0.38 -72.97 -0.04 -74.31 -6.42
NC_003210 0.38 -45.45 32.41 -159.45 -30.35
NC_003869 0.38 -12.08 10.68 -200.01 -32.20
NC_004668 0.38 -72.35 19.77 -92.40 -28.17
NC_002737 0.39 -63.81 14.22 -94.69 -18.00
NC_000912 0.40 -62.02 6.01 -14.04 -26.12
NC.002620 0.40 -36.82 10.69 -35.35 -7.62
NC_002689 0.40 -36.56 22.08 -56.07 -0.77
NC_000922 0.41 -36.18 19.08 -12.36 -9.78

Continues on next page.
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fSpacing Z Scores continued. . .

Accession | Global CDS NC rRNA tRNA
Number G+4+C | Z Score | Z Score | Z Score | Z Score
NC_002179 0.41 -37.10 18.35 -21.83 -5.53
NC_003901 0.41 -176.98 69.07 -47.36 -0.57
NC_005043 0.41 -35.80 19.72 -12.23 -9.32
NC_000918 0.43 -14.05 17.72 -165.88 2.56
NC_004663 0.43 -125.11 60.37 -43.58 -4.52
NC_000964 | 0.44 -99.69 51.20 -124.35 -27.15
NC_000853 0.46 -38.67 13.81 -68.98 -8.93
NC_003143 0.48 -169.60 54.75 -29.94 -9.50
NC_004088 0.48 -165.71 44.84 -23.04 -9.20
NC_000917 0.49 2.80 28.10 -3.47 2.21
NC_000916 0.50 -63.05 38.08 -17.04 3.23
NC_004431 0.50 -183.45 15.07 -15.78 -0.59
NC_000913 0.51 -187.85 56.65 -13.5 -0.85
NC_002695 0.51 -193.40 57.12 -13.14 -5.00
NC_004741 0.51 -180.58 31.83 -24.70 -7.19
NC_003197 0.52 -187.86 56.79 -4.13 -4.37
NC_003198 0.52 -183.72 64.01 -25.21 -5.92
NC_004556 0.52 -42.96 59.20 -7.32 1.36
NC_000919 0.53 -12.79 0.46 0.37 -3.50
NC_002488 0.53 -47.06 47.27 -4.83 -0.95
NC_002935 0.53 -75.49 35.42 -1.18 -10.71
NC_002932 0.57 -67.34 53.18 6.67 3.32
NC_004307 0.60 -59.66 34.90 2.37 0.11
NC_002939 0.61 -49.50 65.03 10.59 4.47
NC_004369 0.63 -35.10 55.55 13.31 0.60
NC_003919 0.65 -50.15 38.63 6.43 -0.46
NC.005085 0.65 -5.02 79.73 26.71 9.39
NC_002696 0.67 -21.14 41.27 9.05 -1.27

Continues on next page.
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fSpacing Z Scores continued. ..

Accession | Global CDS NC rRNA tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_002927 0.68 15.29 75.42 14.12 7.81
NC.002928 0.68 19.49 72.16 15.24 8.31
NC_002929 0.68 28.47 75.98 13.67 7.97

Table C.10: This table presents the Z scores of the average fSpacing values in the
various genomic domains of the genomes in our test set. These values were calculated
using the tables in Appendices A.7 and C.4. The values in this table are graphed in
Figure B.8 on page 152.

C.11 (cSpacing x bps) - Z Score Data

Accession | Global | CDS NC rRNA | tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_002162 0.25 -16.98 2.96 -57.76 -3.88
NC_002528 0.26 -24.27 4.25 -28.35 2.63
NC_001318 0.29 -11.40 4.66 -27.66 -0.44
NC_003366 0.29 -21.37 23.19 -61.66 -2.31
NC_004557 0.29 -16.30 15.78 -39.16 -3.07
NC_000909 0.31 -5.57 10.37 4.61 9.54
NC_003030 | 0.31 -19.13 25.82 -45.89 -10.82
NC_.003103 0.32 -19.39 8.99 -6.80 3.36
NC_003106 0.33 -9.57 11.71 6.42 12.74
NC_003923 0.33 -28.87 24.34 -32.07 -0.98
NC_005791 0.33 -35.04 8.10 -3.16 7.07
NC_003997 0.35 -24.41 35.58 -19.58 -2.98
NC_004722 0.35 -11.04 35.24 -24.83 -3.98
NC_003909 0.36 7.64 13.26 -19.28 -3.94
NC_004368 | 0.36 -26.80 15.51 -13.44 -6.78

Continues on next page.
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(cSpacing X bpﬁl 7 Scores continued. . .

Accession | Global CDS NC rRNA tRNA
Number G+C | Z Score | Z Score | Z Score | Z Score
NC_003212 | 0.37 -19.36 25.28 -8.68 1.83
NC_004350 0.37 -27.23 13.47 -10.81 -3.57
NC_000907 0.38 -33.68 8.16 -5.96 441
NC_002940 0.38 -24.52 5.56 -10.56 5.09
NC_003210 0.38 -17.02 24.98 -7.47 1.57
NC_003869 0.38 -10.06 18.16 6.16 1.71
NC_004668 0.38 -24.29 25.81 -5.22 -4.42
NC_002737 | 0.39 -34.85 7.73 -8.83 -0.82
NC_000912 0.40 -3.08 8.82 -8.08 -3.60
NC_002620 0.40 -37.97 2.22 -7.20 2.99
NC_002689 | 0.40 -18.24 5.19 1.77 8.28
NC_000922 0.41 -26.65 5.43 -3.24 -0.56
NC_002179 0.41 -24.65 7.80 -0.68 -0.03
NC_003901 0.41 -12.00 30.89 6.66 9.59
NC_005043 0.41 -27.26 6.56 -3.59 -0.47
NC_000918 0.43 -21.55 2.22 16.33 11.68
NC_004663 0.43 11.05 37.50 -4.24 0.05
NC_000964 | 0.44 8.35 20.81 -5.15 -1.75
NC_000853 0.46 -40.47 -2.67 7.60 6.68
NC.003143 0.48 33.51 -3.53 -0.66 -1.09
NC_004088 0.48 32.21 -0.44 1.76 -3.37
NC_000917 0.49 -19.22 1.02 0.60 2.64
NC_000916 0.50 8.80 -5.24 -1.92 5.93
NC_004431 0.50 57.38 9.29 -10.27 -6.71
NC_000913 | 0.51 58.82 4.36 -10.78 -2.00
NC_002695 0.51 71.87 5.16 -11.40 -1.23
NC_004741 0.51 46.26 2.43 -7.50 -1.47
NC_003197 | 0.52 80.00 -0.02 -14.54 -9.57

Continues on next page.
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(cSpacing X bps) Z Scores continued. . .

Accession | Global CDS NC rRNA tRNA
Number | G+C | Z Score | Z Score | Z Score | Z Score
NC_.003198 | 0.52 78.53 -16.91 -12.00 -6.10
NC_004556 0.52 52.65 0.26 -9.37 -0.62
NC_000919 | 0.53 7.56 6.85 -16.58 4.10
NC_002488 | 0.53 67.63 12.11 -8.26 -0.78
NC002935 | 0.53 42.12 -8.99 -6.49 -2.48
NC.002932 | 0.57 92.89 -10.65 -16.60 -9.96
NC_004307 | 0.60 101.14 11.80 -14.20 -11.96
NC_002939 | 0.61 54.08 -22.70 -26.02 -15.13
NC_004369 | 0.63 85.71 -26.71 -45.24 -5.02
NC_003919 | 0.65 210.19 50.30 -27.24 -21.26
NC_005085 | 0.65 171.46 -0.25 -86.68 -30.70
NC.002696 | 0.67 155.78 -9.66 -27.22 -11.95
NC_002927 | 0.68 211.95 -8.49 -57.64 -28.92
NC.002928 | 0.68 199.95 -7.37 -61.78 -27.82
NC_.002929 0.68 190.15 -11.87 -57.62 -18.18

Table C.11: This table presents the Z scores of the average (cSpacing X bps) values
in the various genomic domains of the genomes in our test set. These values were
calculated using the tables in Appendices A.8 and C.5. The values in this table are
graphed in Figure B.10 on page 154.
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C.12

(fSpacing x bps) - Z Score Data

Accession | Global | CDS NC rRNA | tRNA
Number | G+C | Z Score | Z Score | Z Score | Z Score
NC_002162 0.25 -16.98 2.96 -57.76 -3.88
NC_002528 | 0.26 -24.27 4.25 -28.35 2.63
NC_001318 | 0.29 -11.40 4.66 -27.66 -0.44
NC_003366 | 0.29 -21.37 23.19 -61.66 -2.31
NC_004557 | 0.29 -16.30 15.78 -39.16 -3.07
NC_000909 0.31 -5.57 10.37 461 9.54
NC_003030 | 0.31 -19.13 25.82 -45.89 -10.82
NC_003103 | 0.32 -19.39 8.99 -6.80 3.36
NC_003106 0.33 -9.57 11.71 6.42 12.74
NC.003923 | 0.33 -28.87 24.34 -32.07 -0.98
NC_005791 0.33 -35.04 8.10 -3.16 7.07
NC_003997 | 0.35 -24.41 35.58 -19.58 -2.98
NC_004722 0.35 -11.04 35.24 -24.83 -3.98
NC.003909 | 0.36 7.64 13.26 -19.28 -3.94
NC.004368 | 0.36 -26.80 15.51 -13.44 -6.78
NC_003212 | 0.37 -19.36 25.28 -8.68 1.83
NC.004350 | 0.37 -27.23 13.47 -10.81 -3.57
NC_000907 | 0.38 -33.68 8.16 -5.96 441
NC_002940 | 0.38 -24.52 5.56 -10.56 5.09
NC_003210 | 0.38 -17.02 24.98 -7.47 1.57
NC_003869 | 0.38 -10.06 18.16 6.16 1.71
NC_004668 0.38 -24.29 25.81 -5.22 -4.42
NC.002737 | 0.39 -34.85 7.73 -8.83 -0.82
NC_000912 0.40 -3.08 8.82 -8.08 -3.60
NC_002620 | 0.40 -37.97 2.22 -7.20 2.99
NC_002689 | 0.40 -18.24 5.19 1.77 8.28
NC.000922 | 0.41 -26.65 5.43 -3.24 -0.56

Continues on next page.
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( fSpacing x bps) 7 Scores continued. . .

Accession | Global | CDS NC rRNA | tRNA
Number | G4+C | Z Score | Z Score | Z Score | Z Score
NC.002179 | 0.41 -24.65 7.80 -0.68 -0.03
NC_003901 0.41 -12.00 30.89 6.66 9.59
NC_005043 | 0.41 -27.26 6.56 -3.59 -0.47
NC_000918 0.43 -21.55 2.22 16.33 11.68
NC_004663 | 0.43 11.05 37.50 -4.24 0.05
NC_000964 | 0.44 8.35 20.81 -5.15 -1.75
NC_000853 | 0.46 -40.47 -2.67 7.60 6.68
NC_003143 | 0.48 33.51 -3.53 -0.66 -1.09
NC_004088 | 0.48 32.21 -0.44 1.76 -3.37
NC_000917 | 0.49 -19.22 1.02 0.60 2.64
NC_000916 0.50 8.80 -5.24 -1.92 5.93
NC_004431 | 0.50 57.38 9.29 -10.27 -6.71
NC_000913 | 0.51 58.82 4.36 -10.78 -2.00
NC_002695 | 0.51 71.87 5.16 -11.40 -1.23
NC_004741 0.51 46.26 2.43 -7.50 -1.47
NC_003197 | 0.52 80.00 -0.02 -14.54 -9.57
NC_003198 | 0.52 78.53 -16.91 -12.00 -6.10
NC_004556 0.52 52.65 0.26 -9.37 -0.62
NC_000919 0.53 7.56 6.85 -16.58 4.10
NC.002488 | 0.53 67.63 12.11 -8.26 -0.78
NC_.002935 { 0.53 42.12 -8.99 -6.49 -2.48
NC_002932 | 0.57 92.89 -10.65 -16.60 -9.96
NC_004307 0.60 101.14 11.80 -14.20 -11.96
NC_002939 0.61 54.08 -22.70 -26.02 -15.13
NC_004369 0.63 85.71 -26.71 -45.24 -5.02
NC.003919 | 0.65 210.19 50.30 -27.24 -21.26
NC_005085 0.65 171.46 -0.25 -86.68 -30.70
NC_002696 0.67 155.78 -9.66 -27.22 -11.95

Continues on next page.
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( fSpacing x bps) 7 Scores continued. . .
Accession | Global CDS NC rRNA tRINA
Number G+C | Z Score | Z Score | Z Score | Z Score

NC_002927 0.68 211.95 -8.49 -57.64 -28.92
NC_002928 0.68 199.95 -7.37 -61.78 -27.82
NC_002929 0.68 190.15 -11.87 -57.62 -18.18
Table C.12: This table presents the Z scores of the average ( fSpacing x bps) values

in the various genomic domains of the genomes in our test set. These values were
calculated using the tables in Appendices A.9 and C.6. The values in this table are
graphed in Figure B.12 on page 156.



